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Abstract 
Geopolymers are being promoted as a sustainable alternative to the ordinary cements mainly 
because their production is associated with much less CO2 emissions. They also show advantages 
including compressive strength comparable to portland cements, high temperature resistance, and 
stability under acid attack. However, before geopolymers can be widely used in practice, certain 
other behaviors must be understood and controlled, among which is setting, the transition from 
fluid to solid. Geopolymer setting is repeatedly seen to be substantially accelerated by addition of 
calcium. The objective of this study is to understand the setting at the nanostructural level for 
calcium and non-calcium geopolymers using a relatively pure aluminosilicate metakaolin 
precursor. 
Prior to probing nanostructural evolution, a combination of water treatment to extract soluble 
species and solvent treatment to extract water was developed for use to stop the geopolymer 
formation for early-age geopolymers with and without calcium, allowing enough time for nuclear 
magnetic resonance (NMR) tests. Additionally, a protocol to quantify structures of early-age 
geopolymers was developed using NMR deconvolution and validated by intensity analysis of 
NMR spectra and by quantitative chemical extractions.  
The nanostructural evolution during formation of geopolymer was investigated and correlated with 
setting. In the non-calcium mix, aluminum was released rapidly right after mixing and immediately 
condensed with silicates to form aluminosilicate units with growing sizes on metakaolin surface. 
Set occurred as the remaining aqueous silicates began attaching to these units to form a gel with 
an interconnected network structure. The structural connectivity during this evolution, for the first 
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time, was monitored experimentally. Additionally, accelerated setting by calcium was investigated. 
With calcium, enhanced rate and extent of metakaolin dissolution were observed and were found 
to decrease Si/Al ratio available for geopolymer formation and thus to further enhance geopolymer 
gel formation. These observed effects caused the faster setting. The Al-substituted calcium silicate 
hydrate (C-A-S-H) was identified in the calcium mix, but no evidence showed that it is directly 
involved in setting.  
Considering faster dissolution by calcium noted above, the reaction extent after set was examined. 
A higher amount of calcium resulted in a higher reaction extent. A higher reaction extent resulted 
in a higher compressive strength, a relationship also observed in the non-calcium mixes when 
reaction extent was controlled independently of the Si/Al ratios of geopolymer gel. 
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Chapter 1. Introduction 
1.1 Geopolymers  
The term ‘geopolymer’ was coined by the French scientist, Professor Joseph Davidovits, to refer 
to alkali-activated aluminosilicates (Davidovits 1982, Joseph 2011). Geopolymers are produced 
by reaction of an amorphous aluminosilicate precursor powder with a highly concentrated aqueous 
alkali hydroxide or silicate activating solution (Duxson et al. 2007a). The products have three-
dimensional framework structures composed of silica and alumina tetrahedra. Water is generally 
entrapped in rather than chemically bonded with the framework structures.  
There are many advantages of geopolymers. They are environmentally friendly as compared to the 
ordinary portland cements, as waste materials such as fly ash and slag can be utilized as the 
precursors (Palomo et al. 1999, Duxson et al. 2007a), and CO2 emissions are substantially reduced 
by eliminating the high-temperature sintering and the limestone decomposition process in cement 
manufacturing (McLellan et al. 2011). They have shown high performance including high strength, 
low shrinkage, wide range of setting times, good high-temperature stability, and acid resistance, 
and potential to immobilize toxic metals (Van Jaarsveld et al. 1997, Palomo et al. 1999, Bakharev 
2005, Duxson et al. 2007a, Duxson et al. 2007c, Suraneni et al. 2014, Provis et al. 2015).  
The precursors can be metakaolin, fly ash or other reactive aluminosilicates (Duxson et al. 2007a). 
Metakaolin is suggested to be a model precursor, probably because it is amorphous and can be 
fully reacted. However, metakaolin geopolymers were suggested to be microstructurally different, 
as compared to fly ash ones (White et al. 2011b), probably because of the difference in the 
morphology of the precursors. 
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Long before geopolymers were promoted as sustainable construction materials, synthesis of alkali-
activated slags was demonstrated in 1940s (Purdon 1940) and then discussed in review papers 
and/or books (Talling and Brandstetr 1989, Wang et al. 1995, Roy 1999, Shi et al. 2006). Products 
from these reactions are mainly calcium silicate hydrates (C-S-H), in which each calcium oxide 
layer is sandwiched by chains of silica tetrahedra, or C-A-S-H in which some silica tetrahedra are 
substituted by alumina. These chain-based structures are different from the three dimensional 
structures of geopolymers. While both these material systems are alkali activated materials, the 
geopolymer gel is mostly aluminosilicates with low calcium content and has highly coordinated 
zeolitic structure (Provis and van Deventer 2013).  
Geopolymers have attracted great research interest since 1990s. Alkali-activated fly ash concrete 
with high strength and high acid-resistance was reported in 1994 (Wastiels et al.). Later, 
geopolymers made from precursors including metakaolin, low-, high-calcium fly ashes have 
attracted great research interest. Provis and van Deventer (2009) summarized initial patents 
(mainly from 1980s) and early technical papers (mainly in 1990s), as well as more comprehensive 
and deeper studies until 2008 on various geopolymers. In review papers by Shi et al. (2011) and 
by Provis and Bernal (2014), the chemistry of geopolymerization and phase assemblages that 
influence both early-age properties and long-term durability were discussed. Most recently, 
advances in characterization, durability, processing and environmental assessment of geopolymer 
gel and related alkali-activated materials were reviewed (Provis et al. 2015).    
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1.2 Setting of geopolymers 
To promote applications of geopolymers in infrastructures, it is important to control their setting 
behaviors. Setting is the process by which a material changes from a fluid to a solid. In structural 
concrete, setting controls the time during which the material can be mixed, transported, and shaped. 
In ordinary portland cement, setting occurs approximately at the end of the induction period and 
the beginning of the acceleration period (Mindess et al. 2003). From the microstructural 
perspective, setting is associated with coagulation of cement particles and rigidification of the 
coagulated structure as hydration product forms (Bentz and Garboczi 1991, Jiang et al. 1995).  
For geopolymers, setting has not been defined with respective to structural evolution. During 
geopolymer formation, Si and Al ions are released from dissolution of the aluminosilicate 
precursor, and they condense with each other to form a rigid three-dimensional network structure, 
as depicted in an often cited conceptual model (Duxson et al. 2007a). Experimental evidence from 
various techniques supports this model (Rees et al. 2007b, Silva et al. 2007, Favier et al. 2015, 
Rouyer and Poulesquen 2015). However, there remains a lack of information on detailed structural 
evolution during dissolution and condensation and its direct correlation with setting. One of the 
technical barriers is the difficulty to quantify structural evolution at early ages as the 
geopolymerization proceeds.  
When calcium is added to geopolymers, setting is substantially accelerated. Several hypotheses 
have been proposed, such as the enhanced dissolution of the precursor, formation of C-A-S-H and 
nucleation effects (Lee and Van Deventer 2002, Yip et al. 2008, Lloyd et al. 2009, Temuujin et al. 
2009, Puligilla and Mondal 2013, Puligilla and Mondal 2015). However, there remains lack of 
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direct experimental evidence, as it is not straightforward to quantify all the phases in the multiple-
phase material system (the unreacted precursor, dissolved Si and Al, geopolymer gel and C-A-S-
H) with evolving structures.  
1.3 Objectives and organization of thesis 
The overall objective of this study was to understand the setting behavior of geopolymers with and 
without calcium by probing structures down to nanostructural level. Metakaolin, a relatively pure 
aluminosilicate, was selected as the precursor. Setting behavior was measured. The solid-state 29Si 
NMR tests are quantitative and commonly used for mature geopolymers. But they take too long to 
study the nanostructures of early-age geopolymers. The first task was therefore to develop a 
protocol to stop the geopolymerization reaction and also to quantify the early age structures. 
Another task was to probe the structural evolution during the dissolution and condensation process 
and examine its correlation with setting for non-calcium mixes. An additional task was to provide 
direct structural evidence to explain the accelerated setting with calcium.  
In this thesis, Chapter 2 presents a detailed literature review. Methods for setting measurement, 
current understanding in structures and structural evolution of geopolymers, and commonly 
adopted characterization techniques are reviewed. Chapter 3 summarizes experimental methods, 
including both setting measurement and structural characterization. For quantification of early-age 
geopolymers, Chapter 4 aims to develop and validate a protocol to stop geopolymer formation. 
Chapter 5 presents another protocol to quantify structures using NMR tests. Chapter 6 explores 
correlation between nanostructural evolution and setting for geopolymers without calcium, by 
monitoring the structural connectivity of reactive Al and Si species during dissolution and 
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condensation. Chapter 7 examines setting and structural studies on calcium geopolymers, by 
monitoring the structural connectivity of the reactive species and quantifying the amounts of 
phases at different early ages. In Chapters 6 and 7, the metakaolin dissolution rate and extent were 
seen to substantially affect reaction kinetics and setting.  Chapter 8 examines the effects of calcium 
on the reaction and on compressive strength at a later age. Chapter 9 presents conclusions. 
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Chapter 2. Literature review  
2.1 Setting of geopolymers 
Setting of geopolymers and cements is defined in a similar way, that is when the mix can no longer 
be properly handled and placed. To measure setting, penetration resistance methods are commonly 
used. The Vicat (ASTM C191) and Proctor (ASTM C403, Chung et al. 2010) tests are designed 
for cement pastes and mortar, respectively. The Vicat test uses one needle to measure penetration 
depth, and the Proctor test uses multiple-sized needles to monitor penetration strength. Both the 
methods are inexpensive but only allow discrete measurements. The Vicat test (Cheng and Chiu 
2003, Silva et al. 2007) and the Proctor test (Puligilla and Mondal 2013, Suraneni et al. 2014) has 
been used in metakaolin and fly-ash geopolymers.   
For continuous measurements, an ultrasonic wave reflection (UWR) method (Chung 2010, Chung 
et al. 2012) has been developed. The intensity of shear wave (S-wave) reflected at the interface 
between the buffer and the sample is monitored as a function of time. Ideally, this wave can be 
totally reflected when the sample is in fluid state but partially or none reflected when the sample 
is solid state. Reflection coefficient reduces during conversion from a fluid to a solid. The UWR 
method has been used to study metakaolin and fly ash geopolymers (Puligilla and Mondal 2013, 
Suraneni et al. 2014).  
Setting times of geopolymer vary substantially depending on factors including (but not limited to) 
Si/Al ratio, calcium presence and water content. Lower Si/Al ratio accelerates setting in metakaolin 
geopolymers (Silva et al. 2007), for example, from 435 to 205 minutes when Si/Al decreased from 
1.6 to 1.5 (Suraneni et al. 2014). Similar acceleration has been seen in fly ash geopolymers 
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(Suraneni et al. 2014). Acceleration of setting by calcium is commonly observed (Yip et al. 2005, 
Temuujin et al. 2009), for example, from 205 minutes to 30 minutes by replacing 30 wt% 
metakaolin with calcium hydroxide (Suraneni et al. 2014). A number of calcium salts (including 
CaCl2, Ca(OH)2, CaO and CaSO3) at a low dosage were found to shorten the final setting times 
(measured by the Vicat tests) (Lee and Van Deventer 2002). Additionally, higher water content 
appears to delay setting, probably because critical Si and Al concentrations are needed for gel 
formation (Suraneni et al. 2014). The structural evolution is believed to control the setting 
behaviors. The structures, characterization methods, and setting versus structural evolution for 
geopolymers are reviewed in the following subsections. Structures of both zeolites (with similar 
structures as geopolymers) and C-A-S-H (present in calcium-containing geopolymers) are 
reviewed.  
2.2 Structures 
2.2.1 Zeolites 
Geopolymers are believed to show similar short-range structures as zeolites (Provis et al. 2005). 
The name ‘zeolite’ originates from the Greek word ‘zeo’ and ‘lithos’, which mean ‘to boil’ and 
‘stone’, respectively (Engelhardt and Michel 1987). This name describes the property that water 
is lost upon rapid heating.  
The structure of heulandite, a typical zeolite, is shown in Figure 2.1 (Bish and Ming 2001). The 
tetrahedra (red, both silica and alumina) are interconnected to form a three-dimensional framework 
with interconnected cavities and channels. Loosely bound cations, such as sodium (green sphere) 
and potassium (light-blue sphere), balance the negative charge that arises due to Al incorporation 
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in the framework and can be exchanged by other cations in solutions or by H+ ions. Water (large 
dark-blue sphere), usually present in the cavity, is not part of the framework structure and can be 
lost upon heating, consistent with the origin of the name. Loewenstein’s rule (Loewenstein 1954) 
excludes the possibility of Al-O-Al bonding, a phenomenon that is generally true in 
aluminosilicate structures (Davidovits 1991, Akporiaye et al. 1996, Rowles and O'Connor 2003) 
and thus the Si/Al ratio ranges from unity at the minimum up to infinity in Al-free frameworks.  
 
Figure 2.1. Schematic of structure for heulandite, a typical zeolite (Bish and Ming 2001).  
Theoretical basis for strict application of Loewenstein’s rule to the aluminosilicates is lacking. 
Many quantum chemical studies (Hass et al. 1981, Navrotsky et al. 1985, Pelmenschikov et al. 
1992) indicate much higher energy (>400 kJ/mole of Al-O-Al bonding) is required to form Al-O-
Al and Si-O-Si bond rather than Si-O-Al bond. In a later study (Tossell 1993), this value was 
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estimated to be much lower by considering appropriate charge balance and a different Si-O or Al-
O bond distance, suggesting the presence of Al-O-Al is possible. More recently, Lee and Stebbins 
(2000) calculated distribution of Q4(nAl) species in melt-quenched glasses and suggested the 
presence of Al-O-Al.    
2.2.2 Geopolymers 
Geopolymer structures at the short range are similar to zeolites, though not crystalline (Barbosa et 
al. 2000). A schematic is shown in Figure 2.2. The structures consist of a three dimensional 
network of Si and Al tetrahedra. Water and loosely bound cations (i.e., Na in Figure 2.2) are in the 
cavities. The chemical environment of each framework Si tetrahedron in geopolymer structures 
can be assigned as Q4(nAl). Each tetrahedron is composed of one Si atom in the middle and four 
oxygen atoms at each point. The Q number denotes the number of oxygens in tetrahedron that are 
linked to other tetrahedra as depicted in Figure 2.3. For Q4(nAl), the number of Al tetrahedra is 
“n” out of the total 4.   
 
Figure 2.2. Proposed schematic structure of Na-geopolymers (Barbosa et al. 2000). 
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Figure 2.3. Schematics of Si environment with different Q numbers. 
2.2.3 C-A-S-H 
When calcium is present in the precursor, C-A-S-H (i.e., calcium aluminum silicate hydrate) forms 
in addition to the geopolymer gel. The structure of C-A-S-H is similar to C-S-H (i.e., calcium 
silicate hydrate), which is the main strength contributor in hydrated cements and concrete. Shown 
in Figure 2.4 (a), the C-S-H structure consists of calcium oxide layers sandwiched with chains 
composed of Si tetrahedra with either pairing (pointing toward the calcium oxide sheet) or bridging 
(pointing toward the other direction and linking the pairing ones) positions. The Si environment is 
Q2 and Q1, and mainly Q2 when the chain is long. When Si tetrahedra are partially substituted by 
Al tetrahedra, usually in bridging tetrahedra, the C-S-H becomes C-A-S-H as shown in Figure 2.4 
(b). With Al substitution, the structure usually becomes more polymerized than the original C-S-
H, and Q3 Si, probably with Al substitution, could be present (Hunnicutt 2013). Interlayer cations 
balance the charge. When the Ca/Si ratio decreases and/or Al/Si increases, more cations including 
H+ are required to balance the charge. In either C-S-H or C-A-S-H, water is part of the structure, 
either associated with hydroxylated Si or present in the interlayer position (Taylor 1997).  
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Figure 2.4 Schematics of nanostructures for (a) C-S-H and (b) C-A-S-H (Hunnicutt 2016). 
There are a few differences in nanostructures between C-A-S-H and geopolymer gel. The Si 
environment in geopolymers is mainly Q4 in the three-dimensional network structure, but in C-A-
S-H is mainly Q1-2 and occasionally Q3 in the two-dimensional structure. Water in geopolymers is 
(a) 
(b) 
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not an essential part of the framework, but in C-A-S-H is part of the nanostructure. The Na and K 
ions can balance the charge in both phases, but Ca is the main charge balancer in C-A-S-H.  
2.2.4 Coexistence of geopolymers and C-A-S-H 
In calcium-containing geopolymers, the geopolymer gel coexists with the C-A-S-H (Alonso and 
Palomo 2001b, Alonso and Palomo 2001a, Yip and van Deventer 2003, Yip et al. 2005, Yip et al. 
2008, Temuujin et al. 2009, Garcia-Lodeiro et al. 2011, Puligilla and Mondal 2013, Puligilla and 
Mondal 2015). The coexistence of the two phases has been identified, for example, in alkali-
activated metakaolin-slag mixes (Yip and van Deventer 2003, Yip et al. 2005) and in metakaolin-
calcium hydroxide mixes (Alonso and Palomo 2001b). The geopolymer gel is the predominant 
phase at high pH, for example, at 7.5-M NaOH or higher in the metakaolin-slag mixes (Yip et al. 
2005) and at 10-M NaOH or higher in the metakaolin-calcium hydroxide mixes (Alonso and 
Palomo 2001b).  
The stability of the two phases mainly depends on alkalinity as depicted in Figure 2.5 (Garcia-
Lodeiro et al. 2011). When pH is higher than 12, presence of Ca does destabilize geopolymer gel 
(N-A-S-H) to form C-A-S-H; when pH lower than 12, Ca would exchange with Na (for example) 
to form (Na, Ca)-A-S-H with a three-dimensional aluminosilicate framework. The Ca2+ is likely 
to form [CaOH]+, due to its relatively high charge density and more negative enthalpy compared 
to Na+ and K+, especially at high pH (> 12) when polarization of electron density enhances Ca-O 
bonding but weakens O-H bonds (Macphee and Garcia-Lodeiro 2011). The [CaOH]+ species 
promote the formation of calcium hydroxide and C-A-S-H but degrade the geopolymer gel when 
pH is sufficient for this polarization. 
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A phase diagram for CaO-SiO2-Al2O3-H2O was tentatively proposed as shown in Figure 2.6 
(Garcia-Lodeiro et al. 2011). In the diagram, AFm represents hemicarboaluminate and 
monocarboaluminate phases, and C-A-S-H and N-A-S-H are included. Further work is needed on 
the Al-rich phases.  
 
Figure 2.5. Proposed effects of pH and Ca concentration on the stability of N-A-S-H (geopolymer 
gel) adopted from Garcia-Lodeiro et al. (2011) and redrawn by Struble (2013). 
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Figure 2.6. Proposed field boundaries in a CaO-Al2O3-SiO2-H2O phase diagram adopted from 
Garcia-Lodeiro et al. (2011) and redrawn by Struble (2013). 
2.3 Characterization of geopolymer structures 
The micro- and nanostructures of geopolymers have been examined by various techniques. 
Microscopy examination reveals the morphology. The X-ray diffraction (XRD) tests provide little 
information due to the amorphous feature of geopolymers. The infrared and magnetic-resonance-
based spectroscopies yield substantial information on the chemical environment. All these 
characterization techniques are reviewed in this section. Some other techniques are covered in the 
review of nanostructural evolution (Section 2.4). 
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2.3.1  Microscopy  
Geopolymers have been characterized by scanning electronic microscopy (SEM) and transmission 
electron microscopy (TEM), with typical micrographs shown in Figure 2.7 and Figure 2.8, 
respectively. In Figure 2.7, the polished surface of the geopolymer specimen shows certain 
porosity. The porosity was found to depend on the Si/Al ratio, less porous at Si/Al ≥ 1.65 but 
highly porous at Si/Al ≤ 1.40 (Duxson et al. 2005b). In Figure 2.8 at a smaller scale, the gel 
indicates amorphous nature but with a particle-like structure around 50 nm (Schmücker and 
MacKenzie 2005).  
 
Figure 2.7. SEM micrograph of geopolymer with Si/Al ratio of 1.65 (Duxson et al. 2005b).  
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Figure 2.8. TEM micrograph of Na-geopolymer with Si/Al ratio of 1.65 (Schmücker and 
MacKenzie 2005).  
2.3.2 XRD 
XRD has been used to probe the long-range ordering structures of geopolymers. Typical patterns 
of the metakaolin (MK) and metakaolin geopolymers are shown in Figure 2.9 (Silva et al. 2007). 
The denotation “Si25”, for example, represents the Si/Al ratio of 1.25 (i.e., SiO2/Al2O3 = 2.5). In 
the MK pattern, there are sharp peaks assigned to quartz and TiO2 and a hump centered around 22o, 
a characteristic of metakaolin. After the geopolymerization reaction, the broad hump shifts to 
around 28o, a characteristic of geopolymers. Because of the amorphous feature of geopolymers, 
XRD tests do not provide much information on the structures.  
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Figure 2.9. XRD patterns of metakaolin (MK) and metakaolin geopolymers with SiO2/Al2O3 ratios 
from 2.5 to 3.8 (Silva et al. 2007).  
2.3.3 Infrared spectroscopy 
Compared to microscopy and XRD, infrared spectroscopy probes chemical environment at short 
range. Fourier transform infrared (FTIR) spectroscopy is commonly used. FTIR obtains an infrared 
spectrum of a material by collecting absorption/emission information and processing using a 
Fourier transform (Smith 2011). The instrument components include IR source, detector, beam 
splitter. For the mid-IR range (5000 – 400 cm-1), the wavelength of the IR source is 2-25 µm. The 
detector is made of pyroelectric materials and responds to temperature changes upon the IR 
radiation. Beam splitter is used to divide a beam of IR radiation into multiple beams and is 
commonly made of KBr. 
Two FTIR spectra of synthesized geopolymers are shown in Figure 2.10 (Garcia-Lodeiro et al. 
2010). The main peaks at 1007 and 1020 cm-1 are attributed to asymmetric stretching vibrations 
18 
 
of Si-O-T bonds (T = Si or Al) for gels G1 (Si/Al = 1) and G2 (Si/Al = 2), respectively. Peaks at 
lower wavenumbers are assigned to the stretching vibrations of tetrahedral aluminum and bending 
vibrations of Si-O-Si or Si-O-Al as marked in the figure.  
 
Figure 2.10. FTIR spectra of synthesized geopolymer gels with Si/Al ratio 1 (“G1”) and 2 (“G2”) 
(Garcia-Lodeiro et al. 2010).  
FTIR shows some advantages over the other commonly used techniques to characterize 
geopolymer structures. It has been used to monitor the nanostructural evolution (Rees et al. 2007b, 
Puligilla and Mondal 2015) due to the rapid data collection. It has also been used to probe the 
nanostructural heterogeneity, which correlated with the reaction kinetics (Hajimohammadi et al. 
2010). Both applications are discussed in the review of structural evolution later (Section 2.4). 
FTIR tests provide additional information, for example, presence of carbonate and hydroxide 
groups.  
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2.3.4 NMR spectroscopy 
2.3.4.1 Introduction 
NMR spectroscopy probes the short-range structures. It examines the absorption frequencies of 
electromagnetic radiation by certain nuclei in any chemical environment (Keeler 2011). Any 
changes in bond lengths, angles and molecular symmetry affect peak position and width in the 
NMR spectra.  
The NMR spectrum originates from the interaction of an applied field with nuclear spins. The spin 
is a fundamental physical property. Atomic nuclei are made of neutrons and protons. The spin of 
a nucleus is NMR active (i.e., non-zero spin) when the number of protons or the number of 
neutrons are not both even. NMR signals can be contributed by Zeeman, chemical shielding, direct 
dipolar, indirect spin-spin (J-coupling) and quadrupolar interactions (Keeler 2011). The Zeeman 
interaction occurs between nuclear spins and the applied static magnetic field (B0). The magnitude 
of this interaction is proportional to B0 and is generally the highest among all the interactions. This 
interaction results in different energy level of spin states. Transitions between these energy states 
occur when an oscillating radio frequency (rf) pulses are applied, and thus an NMR signal is 
observed. The chemical shielding occurs when nuclear spins interact with a local secondary 
magnetic field. This field is due to overlaps of electron orbitals of atoms within a molecule. 
Therefore, chemical shielding is sensitive to the chemical environment within a molecule. Direct 
dipolar interactions occur between the magnetic moments of two spins through space, while 
indirect spin-spin interactions occur between the two spins by the electrons in the orbitals within 
a molecule. The indirect spin-spin coupling is usually too small to be observed in solid-state NMR 
tests. Quadrupolar interaction occurs between quadrupole moment and the local electric field 
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gradient. In quadrupolar nuclei (I > ½), the charge distribution is asymmetric, unlike the spherical 
distribution seen in spin-1/2 nuclei. 
Magic-angle spinning (MAS) is a common technique used to reduce the line broadening in solid-
state NMR spectroscopy. Unlike the sharp peaks of chemical shifts in liquid state due to rapid 
molecular tumbling, broad peaks are observed in solid due to anisotropic orientation of spins. With 
the MAS technique, the sample is rotated at an angle of 54.74o with respect to the external magnetic 
field at frequency on the order of kHz. The anisotropic interactions are averaged to a certain extent 
so that the line width is substantially reduced.  
2.3.4.2 Zeolites and other aluminosilicate minerals 
Abundant literature of 29Si and 27Al NMR characterization can be found for zeolites and other 
aluminosilicate minerals, and is of great importance for the study of geopolymers due to the 
structural similarity. Zeolites can be used as catalysts and molecular sieves, and aluminosilicate 
minerals are the most abundant materials in the earth’s crust.  
In the zeolites, the Si and Al ordering is investigated based on the relative Q4(nAl) (n = 0-4) 
populations from the 29Si NMR spectra. When Loewenstein’s rule is fulfilled (i.e., no Al-O-Al 
linkages), the Si/Al ratio of the three-dimensional framework in the zeolites can be estimated by 
Equation 2.1 
  𝑆𝑖
𝐴𝑙
= ∑ 𝐼𝑆𝑖(𝑛𝐴𝑙)/
4
𝑛=0
∑
𝑛
4
𝐼𝑆𝑖(𝑛𝐴𝑙)
4
𝑛=0
 (2.1) 
where 𝐼𝑆𝑖(𝑛𝐴𝑙) is the intensity of the Q
4(nAl) peaks (n = 0 - 4) in the 29Si NMR spectra.  
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With this equation, the Si/Al ratios have been estimated for different types of zeolites, such as 
zeolite X and Y (Engelhardt and Michel 1987). These ratios are consistent with analytical chemical 
analysis over the whole range of compositions (Si/Al = 1.0~5.0). This consistency indicates 
Loewenstein’s rule is obeyed. As an example in Figure 2.11 (Sartbaeva et al. 2013), the Si/Al ratio 
was calculated to be 2.06, in agreement with the 2.03 from the chemical analysis. 
 
Figure 2.11. The 29Si MAS NMR spectrum for a zeolite Y. Black peaks, red spectrum and blue 
symbols represent fitted peaks (all Q4 Si sites), fitted spectrum and experimental spectrum, 
respectively (Sartbaeva et al. 2013).  
The peak assignments of the Q4(nAl) sites of the zeolites are not always straightforward. For 
zeolite A, inconsistency of the calculated Si/Al ratio (from the 29Si NMR tests) with the actual 
composition (Si/Al = 1) initiated debates for a while (Engelhardt and Michel 1987). With this 
composition, only Q4(4Al) should be present, i.e., Si and Al atoms occupy alternate positions. 
Q4(4Al) 
Q4(1Al) 
Q4(3Al) 
Q4(2Al) 
Q4(0Al) 
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However, the single peak was observed at -89.6 ppm, a position generally corresponding to the 
Q4(3Al) peak in other zeolites, such as zeolite X and Y. Differences in peak assignment were seen 
in a number of investigations. Later, more evidence on the crystal structures suggested the Si and 
Al atoms occupy alternative positions, and thus the assignment of Q4(4Al) is regarded reasonable.  
The NMR studies of aluminosilicate minerals are also important to the study of geopolymer 
structures. The structural changes during the conversion from kaolin to metakaolin are of 
significant interest (MacKenzie et al. 1985, Rocha and Klinowski 1990), as metakaolin is a 
common precursor to synthesize geopolymers. The Q4(nAl) sites of analcime, a typical 
aluminosilicate material, were quantified based on the 29Si NMR spectra, and the Si/Al ratio was 
found to be consistent with the chemical composition (Kim and Kirkpatrick 1998). A same 
methodology applies to geopolymers. Additionally, results from the high-resolution 17O triple 
quantum-MAS (3Q-MAS) NMR further confirmed analcimes adheres to Loewenstein’s rule (Lee 
et al. 2003), providing insight into geopolymer structures.  
The 27Al NMR tests have also been conducted to examine the structures of the zeolites and 
aluminosilicate minerals but with limited success. With quadrupolar interactions of the 27Al nuclei, 
the line widths become broad and the quantitative analysis is difficult. The chemical shifts for 4-, 
5- and 6-coordinated Al are +50 to +80 ppm, +30 to +40 ppm and -10 to +20 ppm, respectively 
(Engelhardt and Michel 1987).  
2.3.4.3 Geopolymers 
In this section, characterization of geopolymers by the 29Si NMR tests is reviewed. The 27Al NMR 
characterization is covered during the review of the nanostructural evolution (Section 2.4). As an 
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initial NMR investigation, the 29Si MAS spectrum of a metakaolin geopolymer is shown in Figure 
2.12 (Davidovits 1991). This spectrum is believed to contain five Q4(nAl) (n = 0-4) sites, with 
typical peak ranges shown under the spectrum.   
 
 
Figure 2.12. 29Si MAS NMR spectrum of a metakaolin geopolymer (Davidovits 1991), with all Q4 
sites. 
Duxson et al. (2005d) quantified the structural ordering by the 29Si MAS NMR tests. A typical 
deconvolution of a metakaolin based Na-geopolymer (Si/Al 2.15) spectrum is shown in Figure 
2.13. The five deconvoluted peaks from left to right are assigned to Q4(4Al), Q4(3Al), Q4(2Al), 
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Q4(1Al) and Q4(0Al) Si sites. The deconvoluted Si/Al ratios were found to be consistent with the 
nominal values as depicted in Figure 2.14.    
 
Figure 2.13. Deconvolution results for a metakaolin-based Na-geopolymer with Si/Al of 2.15. 
Heavy and faint lines are experimental spectra and fitted peaks, respectively (Duxson et al. 2005d).  
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Figure 2.14.  Comparison of deconvoluted and nominal Si/Al ratios for Na-, K- and NaK-
geopolymers (Duxson et al. 2005d). 
2.4 Setting and structural evolution of geopolymers 
2.4.1 Non-calcium mixes 
The conceptual model (Figure 2.15) of nanostructural evolution has been developed by Duxson et 
al. (2007a). Dissolution of the aluminosilicate precursor liberates aluminates and silicates into the 
liquid, resulting in a supersaturated aluminosilicate solution. The species then undergo gelation 
process to form aluminosilicate gel, which continues to rearrange and reorganize to form the three-
dimensional geopolymer network. However, this model does not specifically identify the step 
associated with set. Supporting evidence and its correlation with setting are reviewed in the 
following subsections. 
26 
 
 
Figure 2.15. Conceptual model for nanostructural evolution of non-calcium geopolymers by 
Duxson et al. (2007a).  
2.4.1.1 Dissolution 
The dissolution of the precursor affects the concentrations of Si and Al and thus the 
geopolymerization kinetics. Leaching tests have been used to measure dissolution kinetics. In one 
study (Feng et al. 2004), 100-ml leaching solution was added to 50-g metakaolin or fly ash (with 
and without ultrasonication), and the Si and Al concentrations were measured as a function of time. 
Ultrasonication was found to enhance the dissolution. However, results here were said to be 
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confounded by gel precipitation (Provis and Van Deventer 2009). In another study (Chen et al. 
2011), leaching kinetics of a fly ash was examined at a water-solid mass ratio of 40 g/g. The rate 
constants at early ages (before massive gel formation) were claimed to reflect the intrinsic glass 
properties of the fly ashes.  
Acid attack has been used to measure the degree of dissolution. An acid attack using HCl solution 
(with 1:20 ratio of 37wt%-HCl solution to water by volume) was used to dissolve the reaction 
product and leave the unreacted fly ash in the hydroxide-activated geopolymers (Fernández-
Jiménez et al. 2006b). The mass loss and the concentration of dissolved Al were measured. The 
HCl extractions were also conducted in other studies for both fly ash and metakaolin geopolymers 
(Granizo et al. 2002, Fernández-Jiménez et al. 2006a). For the silicate-activated mixes, the HCl 
extraction does not measure the degree of dissolution as the removed gel contains Si from the 
external silicates. Additionally, this time-consuming analysis can only be conducted at discrete 
times and can easily result in experimental errors. 
Some characterization techniques have been used to examine the dissolution process. In a pair 
distribution function (PDF) analysis of both hydroxide- and silicate-activated metakaolin (White 
et al. 2011b), structural changes were suggested to mainly involve dissolution with limited 
polymerization and gelation in the initial 17 hours, and the dissolution in the hydroxide mix was 
found to be faster as attributed to the higher pH than in the silicate mix. In another study by FTIR 
(Rees et al. 2007b), rate of dissolution was low at low alkalinity but kept relatively constant in 
moderate and high alkali hydroxide-activated fly ash specimens. 
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The 27Al NMR tests have also been carried out to examine the dissolution process. The ‘detectable’ 
Al in the liquid-state 27Al NMR spectrum was quantified to examine the reaction kinetics (Rahier 
et al. 2007). In some other studies (Favier et al. 2013, Favier et al. 2015), the amount of Al detected 
by liquid-state 27Al NMR tests increased and then decreased as the reaction proceeded. These 
liquid-state 27Al NMR studies do not directly measure the dissolved Al species as some may 
precipitate and become invisible, nor probe structural connectivity of the Al species during 
dissolution. Solid-state 27Al spectra have confirmed that dissolution of metakaolin is associated 
with the conversion of 5- and 6-coordinated to 4-coordinated Al (Duxson et al. 2005a, Provis and 
Van Deventer 2009), but this coordination evolution has not been systematically monitored. The 
solid-state 27Al NMR spectroscopy seems to be the most promising method to study the dissolution, 
considering its capability to monitor the changes in structural connectivity and also to avoid the 
confusion by geopolymer gel precipitation encountered in the liquid-state tests (because Al in the 
gel and dissolved Al are both 4-coordinated). It should be noted that quantitative interpretation of 
27Al NMR spectra is not straightforward because the 27Al nucleus is quadrupolar (Man and 
Klinowski 1988, Massiot et al. 1990b).  
2.4.1.2 Condensation 
In general, factors including (not limited to) the Si/Al ratio, curing temperature, presence of 
nucleation sites affect the condensation rate. Condensation can take place between silicate species 
themselves or between aluminate and silicate species, and the latter has been shown to be more 
likely and proceed faster at a lower Si/Al ratio (Silva et al. 2007). A higher curing temperature was 
found to increase the early-age compressive strength of the metakaolin geopolymers (Rovnaník 
2010), a phenomenon expected to be related to enhanced condensation. The addition of the high 
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surface area Al2O3 nanoparticles was found to eliminate the induction period normally seen in the 
hydroxide activated fly ash geopolymer (Rees et al. 2008), but its effect was not investigated in 
silciate-activated fly ash and also in metakaolin geopolymers.  
Among various techniques, in situ FTIR has been used to monitor the structural evolution. For a 
hydroxide-activated fly ash geopolymer, the functional groups corresponding to the geopolymer 
gel (around 958 cm-1) and the unreacted fly ash (around 1055 cm-1) were monitored with time as 
shown in Figure 2.16 (Rees et al. 2007b). The geopolymer curve shows an induction period 
followed by gel formation. In the same study, rate of gel formation increased with alkalinity to a 
maximum value and then decreased. The reduced rate at high alkalinity was attributed to multiple 
factors including ion pairing in solution, gel dissolution at high alkali-concentration and the 
amount of water available for hydrolysis. This methodology was only applied to hydroxide-
activated rather than also silicate-activated mixes. 
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Figure 2.16. Functional group analysis of a hydroxide-activated fly ash geopolymer by in-situ 
FTIR (Rees et al. 2007b).  
Additional information has been obtained from other tests. By in-situ neutron based PDF analysis, 
structural changes from early ages to 90 days of reaction were seen to transit from initially formed 
geopolymer gel to more ordered gel via cross-linking (White et al. 2011b). By X-ray scattering 
based PDF analysis, the reaction extent was estimated for both hydroxide and silicate-activated 
metakaolin with or without slag (White et al. 2013). By calorimetry, effects of alkalinity on the 
reaction kinetics, i.e., lengthened induction period and higher total heat with increasing alkalinity, 
were seen in metakaolin geopolymers (Granizo and Blanco 1998).  
Structural evolution in the above reviewed studies has not directly correlated with setting. Recently, 
several studies have investigated nanostructural evolution and setting more directly. Favier and 
colleagues (2013) conducted rheology and NMR studies on fresh properties of sodium silicate 
activated metakaolin geopolymers. The flow properties at very early ages (less the 15 minutes after 
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mixing, stage I shown in Figure 2.17) were attributed to formation of an aluminosilicate gel with 
Si/Al<4.5, based on comparison of flow properties with synthesized gels. Another study by Favier 
et al. (2015) focused on a later age (a few hours after mixing, stage II shown in Figure 2.17). The 
concentrations of static-NMR-observable Al and Na both decreased at a few hours after mixing, a 
phenomenon attributed to the incorporation of Al as framework-site and Na as charge-balancer in 
the gel with low mobility. The authors therefore concluded a denser “Gel 2” was formed from the 
Al-rich gel and oligomers, as also supported by the appearance of a shoulder at around -105 ppm 
in the static 29Si NMR (i.e., without magic angle spinning and mainly liquid species are detected) 
spectra at the same time. This “Gel 2” was claimed to be static-NMR-invisible and contribute to 
substantial strength development. However, no attempts were made to directly probe the structures 
of the gel, for example, the changes in structural connectivity of the Si and Al species involved in 
the gel formation.  
 
Figure 2.17. Elastic shear modulus as a function of time for a geopolymer specimen from rheology 
tests (Favier et al. 2015). 
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Another recent study by Rouyer and Poulesquen (2015) provided evidence to support 
geopolymerization as a fractal percolation process. A criterion used to assess the gel point of 
organic polymers was used for the geopolymers. The gel point is defined as the time when the 
elastic and viscoelastic moduli tended to become parallel, a phenomenon that indicates a 
percolating solid phase has formed. For the metakaolin geopolymer, this assessment of gel point 
from the rheology tests coincided with the time when percolating network starts to form as 
indicated by the SAXS tests. However, no direct nanostructural characterization of the gel was 
presented in this work. 
Generally, 10-20 hours is needed to collect a quantitative 29Si MAS NMR spectrum. This period 
is too long to monitor the early age structural changes. One way is to suspend the reaction and 
freeze the structures at different early ages prior to the quantitative 29Si MAS NMR tests. In 
Chapter 4, methods for stopping the reaction are reviewed for cementitious materials, and an 
effective method has been developed and validated for geopolymers. Another way to characterize 
the early age structures by 29Si NMR is to conduct liquid-state tests, for which less than 1-hour 
data collection is generally sufficient. The liquid-state spectra of a metakaolin-based Na-
geopolymer in Figure 2.18 were shown to evolve with time but with little interpretation (Barbosa 
et al. 2000). With careful examination of these changes associated with the reactive species, more 
insight would be gained into the nanostructural evolution.  
In summary, the condensation is affected by a few factors including the Si/Al ratio, curing 
temperature and presence of nucleation sites. Different techniques have been conducted to examine 
the nanostructural evolution during the condensation process. The combination of rheology and 
static NMR tests indicated formation of Al-rich gel and gel with high stiffness, with the latter 
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coincided with substantial strength development. A study based on rheology and SAXS tests 
indicated the nanostructural evolution is a percolation process. However, none of these studies has 
probed the evolution of the structural connectivity, which would provide more insight into setting. 
The liquid-state 29Si NMR tests show potential to probe the evolving structures.  
 
Figure 2.18. Liquid-state 29Si NMR spectra of a metakaolin-based Na-geopolymer (Si/Al = 1.65, 
Na2O/SiO2 = 0.25 and H2O/Na2O = 10) collected at indicated times (in minutes) after mixing 
(Barbosa et al. 2000). 
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2.4.2 Calcium mixes 
Some hypotheses have been proposed to explain the accelerated setting in the calcium mixes as 
mentioned earlier in this chapter. One is the enhanced dissolution of the precursor by calcium. In 
one study (Temuujin et al. 2009), with no experimental evidence, consumption of H2O by the 
formation of C-A-S-H is believed to locally increase pH and thereby enhance dissolution of the 
precursor. This proposal explains the strength increase at ambient temperature. When slag was 
added to fly ash geopolymers, the enhanced dissolution of fly ash was suggested by SEM 
micrographs and attributed to both the increase of local pH and the need to maintain the Si 
concentration after consumed by forming C-A-S-H (Puligilla and Mondal 2013).  
Another hypothesis is that C-A-S-H formation would itself cause setting. In portland cement, 
initial setting occurs approximately at the end of induction period and the beginning of rapid 
hydration (Mindess et al. 2003). More critically, set is defined as the point when solids in the 
microstructure are connected to form a rigid backbone with a non-zero stiffness (Bentz and 
Garboczi 1991). Similar as the cement system, the formation of C-A-S-H was claimed to cause 
setting of fly ash/slag geopolymers, as the calcium ions in the liquid would preferentially condense 
with Si ions to form C-A-S-H (Puligilla and Mondal 2013), which is supported by their more recent 
study (Puligilla and Mondal 2015).   
The nucleation effects have also been proposed. The Ca salts in solution were found to increase 
the yield stress of the fly ash geopolymers before setting, and were believed to provide 
heterogeneous nuclei for gel formation (Lee and Van Deventer 2002). In metakaolin geopolymers 
with different calcium sources, the precipitates of calcium hydroxide and C-S-H were proposed to 
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act as nucleation sites and enhance rapid formation of geopolymer gel (Yip et al. 2008). The 
nucleation effects have been studied experimentally, though not directly on calcium. Addition of 
Al2O3 oxide nanoparticles eliminated the induction for geopolymer formation (Rees et al. 2008). 
Nucleation effects were found to influence both the reaction kinetics and the homogeneity of the 
nanostructures in different geopolymers (Hajimohammadi et al. 2010, Hajimohammadi et al. 
2011a, Hajimohammadi et al. 2011b). The nucleation effects on the geopolymerization kinetics 
were incorporated in a mathematical model by Provis and van Deventer (2007). 
2.5 Summary 
To promote applications of geopolymers in construction, setting has to be well predicted and 
controlled. Setting of geopolymers has been measured by UWR and penetration resistance 
methods including the Vicat and Proctor tests. The Si/Al ratio, presence of calcium and other 
factors all affect the setting times.  
Setting is believed to be controlled by the structural evolution during the geopolymerization. 
Structures of geopolymers have been examined by SEM, XRD, FTIR, NMR and other techniques. 
For the non-calcium mixes, the structural evolution during dissolution of the precursor has not 
been well studied. There remains lack of information, especially regarding the evolution of 
structural connectivity of species involved in the geopolymerization. For the calcium mixes, 
several hypotheses have been proposed to explain the accelerated setting. However, none has been 
supported by direct experimental evidence. A quantitative characterization at early ages in terms 
of dissolution and product formation is needed. 
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Chapter 3. Experimental methodology 
In this chapter, the raw materials and synthesis procedure for geopolymers with and without 
calcium are summarized. The experimental procedures for various characterization tests are also 
summarized. When a technique is used in only one of the following chapters, such as FTIR and 
SEM, the experimental details are described in the corresponding chapter later.  
3.1 Synthesis of geopolymers 
Geopolymer mixtures were synthesized using metakaolin (MetaMax®, BASF, Ludwigshafen, 
Germany) as the precursor. The chemical composition and the size distribution of the metakaolin 
(both based on datasheet from the manufacturer) are shown in Table 3.1 and in Figure 3.1, 
respectively. The molar ratio of SiO2/Al2O3 is around 2.05. The activating solution was prepared 
using reagent-grade sodium hydroxide (Fisher, Waltham, MA, USA) and fumed silica powder 
(Keanetech LLC, Champaign, USA) with average particle size of 0.2-0.3 microns based on 
datasheet from the manufacturer. Calcium hydroxide (≥95%, Sigma-Aldrich, Saint Louis, MO, 
USA) was the calcium source for the geopolymers with calcium. In mixes presented in Chapter 4 
and 8, a commercial sodium silicate solution (Fisher, Waltham, MA, USA) was used as the 
external Si source instead of the solution prepared by fumed silica and sodium hydroxide. The 
weight percentages of SiO2, Na2O and H2O in this solution were 29.02%, 9.00% and 61.98%, 
respectively.  
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Table 3.1. Chemical composition of the raw metakaolin. 
Composition SiO2 Al2O3 Na2O K2O TiO2 Fe2O3 CaO MgO P2O5 SO3 LOI 
Percent (wt%) 53.0 43.8 0.23 0.19 1.70 0.43 0.02 0.03 0.03 0.03 0.46 
 
 
Figure 3.1. Particle size distribution for the Metamax (i.e., the raw metakaolin), and silica fume 
and fly ash for comparison. 
The composition of the non-calcium mix (expressed as molar Na2O:Al2O3:SiO2:H2O) was 1:1:4:11, 
and different compositions were specified in Chapter 4 and 8. During mixing, both the activating 
solution (either the commercial sodium silicate solution with some water or that prepared from 
fumed silica and sodium hydroxide), and the metakaolin were placed in a paddle mixer after having 
kept at room temperature (~23°C) for 24 hours. They were mixed at a lower speed for 2.5 minutes, 
then stopped for 1.0 minute while the paste was scraped off from the container, and finally mixed 
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for another 2.5 minutes at a higher speed. To synthesize geopolymers with calcium, the calcium 
hydroxide was mixed with the metakaolin precursor, and the mixture was then mixed with the 
activating solution in the same way as the non-calcium mix. The molar ratio of the calcium mix 
(expressed as CaO:Na2O:Al2O3:SiO2:H2O) was 0.4:1:1:4:12.1. Both mixes have the same 
water/solid ratio. Samples were prepared and tested both at room temperature (~23°C).  
3.2 Setting measurement 
Two setting tests were conducted, the Proctor penetration resistance and UWR. In the Proctor test, 
different sized needles are used to monitor the evolution of penetration resistance pressure. For 
cement pastes, the initial and final set times were assigned to the pressure of 2 and 14 MPa, 
respectively (Chung et al. 2010). Since geopolymers are being promoted as construction materials, 
the same values were assigned for geopolymer setting (Suraneni et al. 2014). In UWR tests, the 
intensity of the wave reflected at the interface of a buffer and sample is monitored as a function of 
time. Because shear waves (S-waves) do not propagate in fluids, there is a marked decrease in the 
intensity of the reflected wave as setting takes place (Chung et al. 2012, Suraneni et al. 2014).  
3.3 Selective chemical extractions 
To stop reaction of geopolymers at early ages, a combined water and alcohol extraction, presented 
in Chapter 4, was conducted. For quantitative analysis, HCl extractions (Granizo et al. 2002, 
Palomo et al. 2004, Fernández-Jiménez and Palomo 2005, Fernández-Jiménez et al. 2006a) were 
conducted to remove the geopolymer gel for both metakaolin and fly ash geopolymers. Two 
concentrations of HCl (1:20 and 1:9, volume ratio of 37-wt%-HCl solution with H2O) have been 
used. Preliminary tests in this study indicated the same mass loss upon extractions with the two 
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concentrations. To minimize the effects on the other phases, the 1:20 HCl solution was used in this 
study. During the extraction, mixture of 1-g sample and 250-ml HCl solution was stirred for 3 
hours, followed by filtration using a 0.2-µm filter and then washing with deionized (DI) water. 
The residue was then dried in a vacuum desiccator for 24 hours. The weights before and after the 
extraction were recorded. 
In calcium-mixes, the C-A-S-H phase forms in addition to the geopolymer gel. The salicylic acid 
methanol (SAM) extraction, initially developed by Takashima, is commonly used to dissolve the 
C-S-H phases in cements and blended cements (Struble 1985, Luke and Glasser 1987, Stutzman 
1996, Kocaba et al. 2012) and also in geopolymers (Alonso and Palomo 2001b, Granizo et al. 2002, 
Puligilla and Mondal 2015). In this study, a mixture of 2-g sample and 8-g salicylic acid in 120-
ml methanol was stirred for 2 hours, followed by filtration using a 0.2-µm filter and then washing 
with DI water. The residue was dried in a vacuum desiccator for 24 hours prior to the further HCl 
extractions. The weights before and after the extraction were recorded.  
3.4 NMR tests 
3.4.1 Experimental parameters 
To estimate the metakaolin dissolution rate and extent, solid-state 27Al NMR tests were conducted 
using a Varian Unity Inova spectrometer with magnetic field of 7.04 T at a resonance frequency 
of 78.2 MHz. Right after mixing, the specimen was packed into a 4-mm magic angle spinning 
(MAS) rotor and allowed to react there at a spinning rate of 12 kHz. The 27Al pulse width was 
0.725 µs, a 30-degree pulse. Recycle delay was 1.0 s and 2048 scans were acquired for each test 
unless otherwise described. The experimental chemical shift referencing, pulse calibration and 
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setup were performed using a 1-M Al(NO3)3 solution (chemical shift 0.00 ppm). A few other solid-
state 27Al NMR tests were conducted at selected times both before and around setting using a 
Varian NMR spectrometer at 17.6 T with 195.4 MHz resonance frequency. Experimental 
conditions were similar to the lower field tests, but 16-kHz MAS spinning rate and 1.25-µs (15 
degree) pulse were used. Quantitative measurements of 27Al spectra are difficult because the 27Al 
is a quadrupolar nucleus. Based on earlier publications, it is believed that quantitative 
measurements were obtained in the latter set of tests using the spectrometer with the high field 
(Fyfe et al. 2000) and short pulse width (Massiot et al. 1990b). From tests at both fields, relative 
amounts of 4-, 5- and 6-coordinated Al were thus measured at different times of reaction, and the 
dissolution extent (i.e., the percent of 5- and 6-coordinated Al converted to 4-coordinated Al) was 
estimated. 
To monitor nanostructural evolution of aqueous Si species, liquid-state 29Si NMR tests were 
carried out using a Varian Unity Inova spectrometer with magnetic field at 14.1 T at a resonance 
frequency of 119.2 MHz. Right after mixing, the specimen was packed into a 5-mm glass tube and 
allowed to react there. A 90-degree pulse of 6 µs was used. Recycle delay was 30 s and number of 
scans was 64 for each test.  
To quantify phases at selected times before and around setting, solid-state 29Si NMR tests were 
conducted using the Varian Unity Inova spectrometer operating at 7.04 T with resonance 
frequency of 59.6 MHz. The pulse width was 2.5 µs, a 90-degree pulse. Recycle delay was 30 s 
and number of scans was 2048. Each quantitative 29Si test took around 17 hours, and thus the 
specimens were treated to stop the geopolymer formation. The protocol for stopping reaction is 
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presented in Chapter 4. Additionally, chemical extractions were used to separate phases for 
unambiguous peak assignments of the spectra and for quantitative analysis.  
3.4.2 Spectrum analysis 
Deconvolutions of the NMR spectra were conducted to separate overlapped peaks. The 27Al 
spectra were deconvoluted using WSolids (Eichele 2015), a program that simulates quadrupolar 
nuclei (Ashenhurst et al. 2000, Chen and Huang 2006, Sutrisno et al. 2012). During simulation of 
the 27Al NMR spectra, quadrupolar coupling (Cq), asymmetry (η), and isotropic chemical shift 
were considered, and their values were set within ranges suggested for kaolin (Rocha 1999) and 
geopolymers (Brus et al. 2012). The 29Si NMR spectra were deconvoluted using MestReNova, an 
NMR processing software. A Gaussian peak shape was assigned for each site, as also in previous 
studies (Massiot et al. 2002, Walkley et al. 2016). During the deconvolution, peak width and 
position were generally kept consistent among similar spectra.   
The Si/Al ratios were estimated based on the intensities of deconvoluted peaks. The deconvoluted 
peaks were assigned to connectivities based on previous work on zeolites (Engelhardt & Michel, 
1987) and geopolymers (Bernal et al., 2013). By measuring intensities of the peaks whose chemical 
shifts reflect replacement of Si by Al, the Si/Al of the geopolymer gel can be quantified using 
Equation 2.1, used previously for zeolites (Engelhardt & Michel, 1987) and for geopolymers 
(Fernández-Jiménez et al. 2006a, Kim 2012).   
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Chapter 4. Stop geopolymer reaction 
4.1 Introduction 
4.1.1 Motivation to stop geopolymerization 
Magic-angle spinning nuclear magnetic resonance (MAS-NMR) has been shown to be a powerful 
technique to quantify structures of geopolymers. It has been used successfully to probe the short-
range structure of geopolymers. 29Si NMR is routinely used to measure the interconnectedness (i.e., 
the Q-value) of SiO4 tetrahedra and the level of replacement of Si by Al and has been used to 
compute the Si/Al ratio of zeolites (Engelhardt and Michel 1987), crystalline aluminosilicates with 
similar structures. For geopolymers with calcium, there is coexistence of C-A-S-H (the principal 
product of portland cement hydration, in this case containing appreciable alumina and therefore 
abbreviated as C-A-S-H) and geopolymer gel (Yip et al. 2005). Using this NMR method, the 
amount and Si/Al ratio of geopolymer gel and the amount of C-A-S-H have been determined for 
calcium-containing geopolymers aged 7 days, and the results have been validated using chemical 
extraction methods (Kim 2012). More recently, NMR was used successfully to characterize the 
structures of mature alkali-activated slags and fly ashes, both qualitatively and quantitatively 
(Bernal et al. 2013).  
However, structures have not been quantitatively characterized at early ages. 29Si NMR has also 
been used to examine the early-age geopolymer reaction (Singh et al. 2005) but only qualitatively, 
perhaps because each quantitative 29Si NMR test takes around 15 hours or longer. The 27Al NMR, 
which is much faster, has mainly been used to measure the release of Al from precursors (Singh et 
al. 2005, Rahier et al. 2007), but also only qualitatively, probably because the quadrupolar effect 
confounds reliable quantitative interpretation. Fourier transform infrared spectroscopy (FTIR), 
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also quite fast, has been used to probe the in situ early-age structures, and the intensity of the Si-
O-T (Si or Al) peaks was used to estimate the reaction rate (Rees et al. 2007b). But FTIR is not 
used for quantitative analysis of silicate-activated geopolymers because the overlap between the 
dissolved silicate species and the geopolymer gel renders the results highly uncertain (Rees et al. 
2007b), and also probably because the peaks are not as spread out as those of NMR and so 
deconvolution is more difficult. In situ neutron pair distribution function analysis has also been 
used to examine the structural evolution during geopolymerization, and the dissolution of 
metakaolin was found to be faster in hydroxide-activated than in silicate-activated solution (White 
et al. 2011b), but this test could not provide information concerning atomic connectivity of 
geopolymers. In addition to these experimental methods, modeling has been used to simulate 
geopolymerization and provide quantitative understanding of the early-age molecular structure 
(Provis and van Deventer 2007), but the study is limited by its assumption that the kinetics of 
reaction is determined by its stoichiometry. The 29Si NMR is powerful to obtain quantitative 
information about the early-age geopolymer reaction, but this method requires a procedure to stop 
the reaction.  
4.1.2 Literature review: stop geopolymer formation 
Methods to stop cement hydration have been reviewed in a paper (Zhang and Scherer 2011). Both 
direct drying techniques including oven, microwave, D-drying, P-drying and freeze drying, and 
indirect drying such as solvent exchange methods have been summarized and compared. For 
geopolymers, only a few studies have attempted to stop the reaction, by solvent treatment either 
using acetone (Oh et al. 2010, Chindaprasirt et al. 2012) or an alcohol/acetone mixture (Khater et 
al. 2011, Khater 2013).  
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However, none of these studies has validated the efficacy of the procedure in early age 
geopolymers. A study on 40-day alkali-activated slag/fly pastes treated using acetone to remove 
water indicated that the gel structures and pore network were preserved (Ismail et al. 2013). For 
early age specimens, the preliminary attempts indicated that the reaction was not stopped.  
4.1.3 Objectives in this chapter 
The initial objective of this part of study therefore was to develop a solvent extraction procedure 
that effectively stops the geopolymer reaction. It was focused on removal of water because the 
reaction proceeds via dissolution of precursor in water and condensation of the resulting dissolved 
molecular species to form gel (Duxson et al. 2007a). The procedure must not alter the reaction 
products, which are known to be sensitive to temperature, so heating to remove water was not 
considered.  
Furthermore, precipitation of water-soluble silicate species was observed upon addition of the 
solvent to early-age specimens, confounding the interpretation of spectra, so the procedure was 
modified to include extraction with both water and solvent. This combined extraction was seen to 
reliably stop reaction without altering the reaction product. Results are presented of changes during 
extraction and efficacy of stopping reaction for the two extraction methods (solvent and combined 
water-solvent) in different subsections. In the first subsection, both preliminary and the final 
solvent extraction are included.  
Setting behaviors were monitored so that extraction could be performed both before and after 
setting. The structural changes during extraction were determined by comparing spectra 
immediately before and after extraction. Efficacy was determined by comparing spectra at 
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different times after extraction. Because the focus of the broader study in thesis research is the 
setting behavior associated with the formation of C-A-S-H, the work reported here includes 
geopolymers made with and without calcium. Both NMR and FTIR methods were used, NMR for 
detailed understanding of molecular structure and FTIR for rapid analysis.  
4.2 Experimental procedure 
The raw materials used to synthesize geopolymers are described in Chapter 3, including 
metakaolin, sodium hydroxide, and calcium hydroxide. For mixes in this chapter, reagent-grade 
sodium silicate solution (Sigma-Aldrich, St. Louis, MO, USA) instead of the fumed silica was 
used as the external Si source. The mix without calcium (Mix A) had the following proportions: 
SiO2/Al2O3 (mol) 3.0, H2O/Na2O (mol) 15, and water/solid (wt) 0.59; while the mix with calcium 
(Mix B) had: SiO2/Al2O3 (mol) 3.0, H2O/Na2O (mol) 20, water/solid (wt) 0.70 and 
CaO/(SiO2+Al2O3+CaO) (wt) 0.10. In Mix B, higher H2O/Na2O was used to counteract the rapid 
setting associated with the addition of calcium, and the higher water/solid was used to achieve a 
certain workability. To determine set times, both penetration resistance and UWR were conducted.  
As mentioned in the introduction of this chapter, prior to developing methods for solvent extraction 
to remove water and the combined extraction to also remove any soluble species, some preliminary 
extractions were carried out. Specimens (if they had set) were first ground to micron-sized particles 
using a mortar and pestle. Solvent was added, a 50/50 (vol) methanol/acetone mixture, and the 
resulting suspension, around 2.0 g specimen and 80 ml solvent, was further ground with the pestle 
so that all particles would contact the solvent. After 5 minutes, the solvent was removed using 
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vacuum-filtration and new solvent was added. This procedure was repeated for 3 times (i.e., totally 
240 ml solvent was used).  
Based on the preliminary results, the experimental details of solvent extraction were adjusted. The 
sequence of the procedure did not change, but the amounts of specimen and solvent were changed 
substantially. In the final procedure, around 80 ml solvent was added to around 0.8 g specimen 
and the suspension was ground and filtered 5 times rather than the previous 3 times (i.e., 400 ml 
rather than 240 ml solvent was used).  
In early-age specimens, evidence of precipitation of soluble silicate species was observed during 
extraction (as presented later in this chapter), so the procedure was modified to include both water 
extraction and solvent extraction. In this combined extraction, around 0.8 g of specimen was stirred 
with 50 ml deionized water and the liquid removed by centrifuging (which required about 5 
minutes). Soluble silicate species could be observed in the liquid layer upon addition of methanol 
(using a volume twice that of the collected liquid) because the alcohol reduces the solubility of 
silicate species (Iler 1979) and causes their precipitation. Water extraction of the geopolymer 
sample was repeated until no precipitation was observed in the collected liquid upon addition of 
methanol and then once more. This water extraction was then followed by the solvent extraction 
as described previously.  
To examine changes during the extraction, FTIR spectra of extracted and non-extracted specimens 
were compared. The FTIR spectra were collected using a Bruker IFS 66v/S spectrometer with a 
SpectraTech horizontal attenuated total reflectance accessory. The specimen was scanned from 
600 cm-1 to 4000 cm-1 with 2-cm-1 resolution. The 29Si MAS-NMR was conducted using the Varian 
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Unity Inova 300 spectrometer with a magnetic field strength of 7.05 T. In total 1024 scans were 
carried out. In some cases, a 2-second relaxation delay and 2048 scans were used, giving spectra 
that did not provide quantitative information but could be analyzed qualitatively for changes over 
time. For the solid state 27Al tests, the Varian Unity Inova 750 spectrometer with a magnetic field 
strength of 17.6 T was used. The total scan was 250 times for each specimen. More details for 
these tests are described in Chapter 3.  
4.3 Setting behavior 
Setting curves are shown in Figure 4.1. Mix A set at around 116 minutes (by penetration) or 180 
minutes (by UWR), and Mix B set at around 20 minutes (by both methods). Setting here was 
defined when the reflection coefficient drops to 0.83 in the UWR test, based on a previous study 
(Suraneni et al. 2014), and defined when penetration strength increases to 2 MPa in the penetration 
resistance tests, based on a study for cement pastes (Chung et al. 2010). The different setting times 
by different methods for Mix A but not for B suggest the same penetration strength corresponds 
to different extent of gelation for the two mixes. The setting times of Mix A by the two methods 
were shorter than those of the same mix in the previous work (Suraneni et al. 2014), a difference 
that is attributed to changes in properties of the raw materials. Based on these results, Mix A was 
extracted at 100 minutes, a bit before set, and at 30 hours and 6 days, well after set when it was 
expected to be mature and stable. Mix B was extracted at 20 minutes, coincident with set, and at 3 
hours and 8 hours, well after set. The more rapid set with addition of calcium was consistent with 
our previous work (Suraneni et al. 2014) as well as results of others (Lee and Van Deventer 2002, 
Puligilla and Mondal 2013). 
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Figure 4.1. UWR and penetration curves of Mix A (without calcium) and B (with calcium). 
4.4 Solvent extraction 
4.4.1 Preliminary extraction  
As a preliminary study, the efficacy of solvent extraction to stop reaction was determined. Around 
2.0-g specimen was extracted using around 240 ml solvent. Both 27Al and 29Si NMR were used to 
examine the raw metakaolin (MK) and the extracted geopolymers. Mix A was extracted at 100 
minutes (a little before set) and tested at 1 day and 7 days after extraction, and also extracted at 7 
days and tested at 1 day after extraction. The specimens were stored in a desiccator under a vacuum.  
Both 27Al and 29Si NMR indicated that the dissolution was stopped but condensation continued 
after this extraction. In Figure 4.2 (a), the three peaks in the 27Al spectrum were assigned as 4-, 5- 
and 6-coordinated aluminum. The relative amount of 5- and 6-coordinated aluminum was 71% for 
the unreacted MK, 58% for both specimens extracted at 100 minutes, and 0% for the specimen 
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extracted at 7 days (calculated from the peak areas). It is recognized that the percentage values are 
not highly accurate because of the quadrupolar effects of the 27Al method, but the comparison is 
useful. The fact that the two specimens extracted at 100 minutes but tested at different times had 
the same value indicates that MK dissolution was stopped by the extraction. However, the position 
of the 4-coordinated aluminum peak shifted from 59.6 ppm for the specimen tested at 1 day to 58.0 
ppm for the specimen tested at 7 days, a type of shift generally associated with a higher extent of 
polymerization in aluminosilicates (Merzbacher et al. 1990). This peak shift is consistent with the 
changes seen in the 29Si NMR spectra discussed below.  
Additional and stronger evidence that condensation continued after extraction was provided by the 
29Si NMR spectra in Figure 4.2 (b). Spectra for the two specimens extracted at 100 minutes were 
substantially different, and both are different from the spectra for raw metakaolin and the specimen 
extracted at 7 days. The peaks (around -90 ppm, marked with an ellipse in the figure) assigned to 
silicate species with low connectivity (i.e., Q1, Q2 and Q3 structures) decreased greatly in intensity 
in the specimen tested at 7 days (100 min_7 d) compared to the specimen tested at 1 day (100 
min_1 d). At the same time, the peaks (around -105 ppm, marked with a rectangle in the figure) 
assigned to geopolymer gel (i.e., Q4 structures) increased in intensity in the specimen tested at 7 
days (100 min_7 d) compared to the specimen tested at 1 day (100 min_1 d). These differences 
indicate that condensation (i.e., polymerization) continued during this period. Compared to the 
100-minute specimen tested at 7 days (100 min_7 d), the peak corresponding to the product in the 
specimen extracted at 7 days and tested 1 day after extraction (7 d_1 d) shifted to the left side, 
probably because of the lower Si/Al ratio as more Al was released by dissolution from 100 minutes 
to 7 days. 
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Figure 4.2. 27Al (a) and 29Si (b) NMR spectra of raw metakaolin, untreated geopolymer specimens, 
and specimens treated by solvent extraction. MK is the raw metakaolin precursor, 100 min_1 d 
and 100 min_7 d are Mix A geopolymers extracted at 100 minutes and tested at 1 day and 7 days 
after extraction respectively, and 7 d_ 1 d is the same mix extracted at 7 days and tested at 1 day 
after extraction. 
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Based on the preliminary extraction results, it is expected that solvent extraction, the method used 
in many papers to stop geopolymerization, if not well controlled, may be ineffective. Therefore, it 
is critical to develop an effective protocol and validate it.  
4.4.2 Final protocol 
Based on the preliminary extraction results, it seemed reasonable to use more solvent in the 
extraction. The amount was adjusted several times, followed by similar examination of efficacy, 
until the amounts given in the experimental section were settled upon. The resulting solvent 
extraction was then investigated in more detail. The structural changes during the solvent 
extraction were examined by comparing spectra right after extraction with those before extraction, 
and the efficacy of stopping reaction was investigated by examining any changes as a function of 
time after the extraction.  
4.4.2.1 Changes during extraction 
Spectra of Mix A were examined before and after the solvent extraction to investigate structural 
changes during the extraction. Extractions were made at 3 hours (around set), 30 hours and 6 days 
(both well after set) after mixing. FTIR spectra of metakaolin and of specimens before and after 
extraction are shown in Figure 4.3. The peaks at 1060 and 788 cm-1 in metakaolin are attributed to 
asymmetric stretching of Si-O-T (Si or Al) and bending of O-Al-O in the AlO4 tetrahedra, 
respectively (based on the literature27). Extraction caused the main peak to shift from 977 to 1025 
cm-1 at 3 hours and from 961 to 987 cm-1 at 30 hours, and did not cause changes at 6 days. For 
specimens extracted at 30 hours and 6 days, a slight carbonation was observed, which was removed 
by the extraction and which is therefore thought to be sodium carbonate (as there is no calcium in 
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this mix and sodium seems to be the only possible source for carbonation). In addition, peaks 
assigned to water were not as evident after extraction, further indicating that the extraction has the 
potential to stop geopolymer reaction as condensation, if any, is much slower with less water.  
 
Figure 4.3. FTIR spectra of Mix A both before and right after extraction and metakaolin. 
These peak shifts in the early age specimens (3 and 30 hours after mixing) in Figure 4.3 appear to 
be associated with the soluble silicate species. At these early times, samples contained unreacted 
metakaolin, some geopolymer gel, and sodium silicates. The latter are soluble, are consumed 
during geopolymerization, have very low molecular weight, generally have lower Q values than 
the geopolymer gel, but cannot be identified in the NMR spectra. The peak shifts observed in these 
specimens during solvent extraction cannot be attributed to metakaolin because no shifts were 
observed during solvent extraction of the raw metakaolin (results also not shown here). Neither 
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can these shifts be attributed to geopolymer gel, as they were not seen in the 6-day specimen, 
which contained mostly geopolymer gel. For an earlier-age geopolymer gel (mainly but not all Q4), 
we did not have evidence to show if it is affected by the solvent, but this effect, if any, would not 
be as significant as that for the aqueous Si species. Apart from the unreacted metakaolin and the 
geopolymer gel, the only possible constituent to associate with the peak shifts appears to be the 
soluble silicate species. In a similar solvent-extraction study, these soluble species were not 
observed because the investigated specimen was more mature (40 days) (Ismail et al. 2013). 
Soluble silicate species interact with the solvent used to extract water to cause a shift in the peaks. 
Soluble silicate species are known to precipitate in alcohol and/or acetone--addition of alcohol or 
acetone to a solution of sodium silicate has been reported to cause formation of two layers, with 
initially soluble silicate species precipitating in the bottom layer and sodium concentrating in the 
liquid layer on the top, a process called “salting-out” (Iler 1979). In the current study, precipitation 
was observed upon addition of methanol to a sodium silicate solution. Soluble silicate species in 
the sample would precipitate out during solvent extraction. Furthermore (and unexpectedly), there 
was evidence that some of the soluble silicate dissolved during the solvent extraction. During 
solvent extraction of a geopolymer sample at early age, the filtrate was clear. But precipitation was 
observed when methanol was added to this filtrate, indicating the presence of the soluble silicate 
species in the filtrate. Thus, some of the soluble species were removed by the solvent extraction 
and some were precipitated. These interactions are presumed to account for the peak shifts shown 
in Figure 4.3, although a more detailed analysis to verify dissolution and precipitation is not 
possible with methodology used here because peaks of soluble silicate species overlap with those 
of geopolymer gel in both 29Si NMR and FTIR spectra, as reported in the literature (Engelhardt 
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and Michel 1987, Rees et al. 2007b). Such changes, whether due to precipitation or dissolution or 
both, would alter the spectra in the geopolymer region and thus confound interpretation of the 
spectra. The solvent extraction is therefore only suitable for mature geopolymers that contain little 
or no soluble silicate species.  
4.4.2.2 Efficacy of extraction 
The efficacy of the solvent extraction to stop reaction was investigated using 29Si NMR. Figure 
4.4 shows spectra of Mix A extracted at 100 minutes and tested every 5 hours until 53 hours after 
extraction. No changes were observed throughout this time, indicating that the geopolymer 
reaction was stopped for this time period by this treatment. It should be noted that this NMR test 
was only qualitative because of the limited testing time (5 hours for each spectrum), but it would 
indicate if any structural changes were taking place. The low signal-to-noise level reflects the short 
testing time. 
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Figure 4.4. 29Si NMR spectra of Mix A solvent-extracted at 100 minutes and tested every 5 hours 
from 3 hours until 53 hours after extraction. 
4.5 Combined water and solvent extraction 
Based on results of solvent extraction, using water treatment was explored to extract any soluble 
species prior to the solvent extraction in order to study structures at early ages in the geopolymer 
reaction. The specimens were mixed with water and then the resulting liquid was separated using 
centrifugation. This water extraction was repeated until the centrifugation liquid contained no 
detectable silicate species, as indicated by lack of precipitation upon addition of methanol, then 
one final water extraction was conducted to remove any remaining soluble silicate. The lab results 
showed that the addition of methanol as described in the experimental section (i.e., double amount 
of the amount of centrifugation liquid) provided observable precipitation in the centrifugation 
liquid from the extraction of a specimen containing sodium silicate equivalent to 30 wt% of the 
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total solid or paste material (i.e., 0.25 g sodium silicate out of the 0.8 g specimen). The addition of 
methanol was therefore regarded as sensitive enough to confirm that almost all soluble species 
were removed. Following subsections presented results on structural change during this combined 
extraction and the efficacy of stopping reaction. 
4.5.1 Changes during extraction 
FTIR spectra of non-extracted and combined-extracted specimens at 6 hours after mixing (after 
set) are shown in Figure 4.5. The main peaks were at 958 and 1022 cm-1 for non-extracted and 
combined-extracted specimens, respectively, and were attributed (also respectively) to soluble 
silica and geopolymer gel. After combined extraction, the peak for soluble silica at 958 cm-1 was 
lost, and the only remaining peak was at 1022 cm-1 and was attributed to geopolymer gel, probably 
mixed with unreacted metakaolin. The results here indicate that the combined extraction 
effectively removes soluble species and therefore provides a viable procedure to study structural 
changes associated with geopolymer setting without any uncertainties caused by the soluble 
species. 
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Figure 4.5. FTIR spectra of Mix A both before and after combined extraction at 6 hours. 
4.5.2 Efficacy of extraction  
4.5.2.1 No-calcium-containing mix 
The efficacy of the combined method was examined using both FTIR and NMR, including 
specimens both without (Mix A) and with (Mix B) calcium. Figure 4.6 shows FTIR spectra of Mix 
A extracted using the combined method at different times (corresponding to bottom, middle and 
upper series of spectra) and tested at different times (corresponding to each spectrum in the 
corresponding series) after extraction. For the specimens extracted at 100 minutes (bottom series, 
a little before set), when tested immediately, 3 days, and 8 days after extraction, the peak associated 
with Si-O-T was at 1052 cm-1, and did not change position in this testing period. Similarly for 
specimens extracted at 6 hours and 8 hours (spectra in the middle and upper part, both after set)), 
the peak did not shift over the few days of the testing period. Even the sample extracted at 6 hours 
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and tested after 90 days showed only a slight shift in this peak (around 8 cm-1, from 1022 to 1014 
cm-1). Thus the combined method is regarded as effective to stop the geopolymerization for the 
specimen without calcium. Another interesting point is the presence of water in the specimens 
extracted at 6 hours and 8 hours, as shown in the middle and upper spectra. Similar water after 
acetone extraction was referred as zeolitic water (Ismail et al. 2013). The absence of water in the 
specimen extracted at 100 minutes indicates that the sample prior to set contained little or no 
geopolymer gel.  
 
Figure 4.6. FTIR spectra of Mix A treated using combined extraction at 100 minutes, 6 hours and 
8 hours, and tested at times up to several days or even 90 days after extraction. 
To further validate the efficacy of this combined extraction when conducted at a later age, the Mix 
A was extracted at 24 hours after mixing and tested using 29Si NMR right after extraction (within 
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1 day) and at 34 days after extraction. Results are shown in Figure 4.7. The peaks around -90 ppm 
and the shoulders around -108 ppm were assigned to geopolymer gels and unreacted metakaolin, 
respectively. No significant changes between these two spectra were observed. It is therefore 
concluded that the combined extraction effectively stopped reaction at 24 hours for an extended 
time. 
 
Figure 4.7. 29Si NMR spectra of Mix A extracted using combined extraction and tested right after 
(within 1 day) and at 34 days after extraction. 
4.5.2.2 Calcium-containing mix 
The addition of calcium complicates the situation because C-A-S-H forms in addition to the 
geopolymer gel. Figure 4.8 shows spectra of Mix B (with calcium) treated using combined 
extraction and tested at different times after extraction. In the specimen extracted at 20 minutes 
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(around set), there were two peaks in the Si-O-T region, at 1032 and 967 cm-1. SAM extraction 
(not shown here), which removes C-A-S-H but leaves geopolymers, indicated that the 967 cm-1 
peak was associated with C-A-S-H and the 1032 cm-1 peak was associated with geopolymer gel. 
The peak at around 790 cm-1 was attributed to the O-Al-O peak in the precursor as shown in Figure 
4.3, indicating the presence of unreacted metakaolin at 20 minutes. When tested up to 7 days after 
extraction, the positions of the two Si-O-T peaks (geopolymer gel and C-A-S-H) did not change, 
but the intensity of the C-A-S-H peak decreased. The small peaks at around 1410-1470 cm-1 and 
the one at 875 cm-1 in specimens extracted at 3 and 7 days were all attributed to carbonates, based 
on a previous study (Garcia-Lodeiro et al. 2007). The carbonation was not likely to involve the 
geopolymer gel, as there were no carbonation peaks in specimens without calcium (Figure 4.6). 
The carbonation was not likely to involve calcium hydroxide either. There was a small amount of 
calcium hydroxide in the 20-minute sample before extraction, as indicated by the peak at 3639 cm-
1, but the peak was removed by the extraction, as shown in the bottom series of spectra (Figure 
4.8). So the carbonation appears to involve the C-A-S-H, not the geopolymer gel. It may be that 
the decrease in intensity of the C-A-S-H peak with extraction is associated with this carbonation. 
As a matter of fact, carbonation is common during synthesis of C-A-S-H (Hunnicutt 2013). Similar 
carbonation was observed for specimens extracted at 3 hours and 8 hours (middle and upper series 
of spectra, both after set). Other than these, no changes were observed after extraction for either 
geopolymer gel or C-A-S-H peaks up to 7 days, indicating that these phases did not undergo further 
structural evolution after the combined extraction.  
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Figure 4.8. FTIR spectra of Mix B treated using combined extraction at 20 minutes, 3 hours and 8 
hours, and tested at times up to several days after extraction. 
4.6 Conclusions 
To allow characterization of geopolymerization systems for setting studies, a procedure has been 
developed to stop the geopolymer reaction. Solvent extraction was suitable for mature 
geopolymers, and combined water and solvent extraction was required for early-age specimens.  
1. Extraction using the methanol/acetone solvent was not effective to stop geopolymer 
formation when the amount of the solvent is not carefully selected.  
2. Solvent extraction suspended the reaction up to at least 53 hours.  
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3. In early-age specimens, soluble silicate species precipitated during this treatment, 
confounding the interpretation of the geopolymer gel structure, so simple solvent 
extraction is suitable only for mature geopolymers. 
4. A combination of water and solvent extraction removed soluble species that would 
otherwise precipitate in solvent extraction and thereby stopped reaction without the 
confounding effects noted above.  
5. For specimens without calcium, combined extraction both before and a few hours after 
set stopped the geopolymer reaction for up to at least 1 week.  
6. Specimens with calcium were seen to contain both geopolymer gel and C-A-S-H. The 
combined extraction both before and a few hours after set stopped the geopolymer 
reaction for up to at least 1 week.  
  
63 
 
Chapter 5. Quantification of early-age geopolymer nanostructures 
5.1 Introduction 
As reviewed in Chapter 4, NMR shows to be a powerful technique to probe structures of 
geopolymers. Compared to Fourier transform infrared spectroscopy (FTIR) and X-ray 
photoelectron spectroscopy (XPS), NMR shows major advantages in quantification as reviewed 
in Chapter 2. However, current published studies using NMR are limited to mature geopolymers 
when the structures are relatively stable. This is probably because each quantitative 29Si NMR test 
usually takes around 10-20 hours, too long for specimens with evolving structures. The objective 
of this chapter is to mainly use 29Si NMR to quantify phases in geopolymers with evolving 
structures. 
The combined extraction method for stopping geopolymer formation, developed in Chapter 4, was 
conducted prior to each quantitative 29Si NMR test. In the combined extraction, water and alcohol 
were used sequentially to remove the soluble species and any free water, thereby stopping the 
geopolymer reaction.  
Before studying geopolymers, the Si/Al ratio of a zeolite specimen was quantified by 29Si NMR 
tests and validated. With this confidence, structures of mature geopolymers and then earlier age 
specimens were probed by the NMR tests.  
In each NMR analysis, for unambiguous peak assignment in deconvolution, the residue from the 
combined extraction was treated by HCl extraction to remove the geopolymer phase to 
reduce/avoid the confusion if any peaks of the geopolymer gel overlap with the other phases. The 
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mass was recorded before and after, both tested by the quantitative 29Si NMR and the Si/Al ratio 
of geopolymer gel estimated from the deconvoluted NMR spectra. For comparison, the Si/Al ratio 
was also estimated based on intensity of both 29Si and 27Al NMR spectra. The Si/Al ratios of 
geopolymer gel based on both NMR deconvolution and intensity analysis were validated by the 
quantitative extraction.  
5.2 Experimental procedure 
5.2.1 Materials 
To validate effectiveness of 29Si NMR to quantify structures of aluminosilicates, a natural zeolite 
was tested. This specimen is clinoptilolite, from St. Cloud Mining Co., New Mexico. This is a 
typical type of zeolite with variety of Q4(nAl) Si sites. The bulk molar ratio of Si/Al was 4.9 based 
on the materials data sheet. The chemical analysis results in weight percent are presented in Table 
5.1. 
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Table 5.1. Composition of the clinoptilolite specimen based on product information (2007).  
Oxides wt % 
SiO2 70.0 
Al2O3 12.1 
CaO 3.4 
K2O 3.0 
Fe2O3 1.6 
MgO 1.5 
Na2O 0.3 
P2O5 0.1 
To synthesize geopolymers, the raw materials including metakaolin, sodium hydroxide and fumed 
silica powder, as well as the mixing procedure are described in Chapter 3. The composition 
(expressed as Na2O:Al2O3:SiO2:H2O) of this mix is 1:1:4:11. The specimens were kept in sealed 
condition at around 23oC until direct testing or treatment (stopping reaction or chemical extraction).  
Specimens at two different ages (51 hours and 19 days) were extracted prior to the 29Si NMR tests. 
The two ages were chosen so that the Si sites in the geopolymer product are not all Q4 and thus are 
different compared to the mature geopolymer gel. A weighed sample (about 2.0 g) was treated 
with combined extraction as developed in Chapter 3. The residue, expected to be unreacted 
metakaolin and geopolymer gel, was vacuum dried for about 24 hours and weighed. Around 1 g 
of dried residue was then further extracted in 250 ml HCl (1:20 ratio of water to 37-wt% HCl 
solution by volume) by stirring for 3 hours to remove the geopolymer gel. The HCl residue was 
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dried in the same manner and its residue mass was measured to determine the mass of unreacted 
metakaolin.  
5.2.2 Characterization 
To examine impurity phases in the zeolite, XRD (Siemens/Bruker D-5000) was used, with a 
scanning rate 1.0 degree/minute and step size 0.02 degree. For both the zeolite and geopolymers, 
quantitative 29Si NMR tests were conducted, recycle delay and scan number are 30 seconds and 
1024, respectively. More detailed parameters are described in Chapter 3.  
For geopolymer specimens, a mature specimen (~ 3 month old) was tested using the quantitative 
29Si NMR. The spectrum was deconvoluted, during which Gaussian-line-shape peaks were 
assigned at positions at shoulders or peaks. The Si/Al ratio of the mature specimen was estimated 
based on intensities of deconvoluted peaks, and was compared with the known bulk ratio to 
validate the deconvolution. 
For earlier age specimens, spectrum of the HCl residue was subtracted from that of the combined 
extraction residue, and obtained spectrum was expected to be the geopolymer phase. To estimate 
the Si/Al of the geopolymer phase, this obtained spectrum was deconvoluted. In this deconvolution, 
this early age specimen may contain lower Q species. The solid-state 1H/29Si cross-polarization 
(CP) NMR tests provided peak width and position of these low-Q sites, which were then 
incorporated in deconvolution of the subtracted spectrum of the geopolymer phase. In 
deconvolution, the minimum possible number of component peaks was used to describe each 
spectrum (Bernal et al. 2013).  
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To validate the Si/Al ratio from above procedure, this ratio was estimated independently by NMR 
intensity analysis. The moles of Si and Al in geopolymer phase were calculated by subtracting 
those in unreacted metakaolin and soluble aluminates and silicates from the total moles in the 
specimen by following the following procedures. (1) The total moles of Si and Al in the specimen 
were computed based on the mass of the specimen and the mix design. (2) The moles of Si and Al 
in the HCl residue were estimated: (a) amount of Si in the HCl residue was estimated by comparing 
its 29Si NMR intensity with the intensity of a raw metakaolin specimen with known amount of Si; 
(b) amount of Al was calculated based on this Si amount and the Si/Al ratio of the HCl residue; 
and (c) this Si/Al ratio was estimated by comparing the I27Al/I29Si (i.e., the intensity ratio of the 27Al 
and 29Si NMR spectra) ratio of this residue with the intensity ratio of metakaolin (with known 
Si/Al ratio) with both specimens activated by the same relative amount of excessive NaOH (10 M) 
solution. This activation converts any 5- and 6-Al to 4-Al for quantitative comparison, as the 
intensity per mole of Al is different in different coordination environments (Massiot et al. 1990b). 
Compared to the raw metakaolin, the Si/Al ratio in the NaOH-activated metakaolin is the same but 
the moles of Al pre unit weight is not. Therefore, the Si/Al ratio was used to indirectly estimate 
the amount of Al. (3) The moles of Si and Al of soluble aluminates and silicates were estimated in 
a similar manner. (4) The Si and Al in the geopolymer phase were computed by subtracting those 
of the unreacted metakaolin and soluble species from the total. 
Based on the computed moles of Si and Al, weights were computed and were compared with 
measured extraction residues. Formulas were assumed to be (SiO2)x·(Al2O3)y for the HCl residue, 
and (SiO2)m·(Al2O3)n·(Na2O)n for the geopolymer gel, where x, y, m and n are related to the moles 
of Si and Al in each phase.  
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5.3 Nanostructure of zeolite 
5.3.1 Identification of phases in the zeolite specimen 
XRD pattern of this zeolite is presented in Figure 5.1. In addition to the main phase clinoptilolite, 
two zeolites heulandite and mordenite together with quartz were identified. Peaks of the three 
zeolite phases are mostly overlapped, but not at a few positions. 
 
Figure 5.1. XRD pattern of the natural clinoptilolite specimen. 
5.3.2 NMR deconvolution to estimate Si/Al 
Two versions of deconvolution were carried, with only clinoptilolite shown in Figure 5.2 (a) by 
assuming only this zeolite phase is present and with all phases identified in the XRD pattern shown 
in Figure 5.2 (b). For the deconvoluted peak at -107.1 ppm in Figure 5.2 (a), there is an 
inconsistency in assignment, as both Q4(1Al) and Q4(0Al) were assigned in different papers 
(Lippmaa et al. 1981, Rivera et al. 2003). The corresponding peak in Figure 5.2 (b) is at -106.2 
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ppm. In both versions of deconvolution, the residue was less than 1% of the total intensity of the 
spectrum. 
 
 
Figure 5.2. Deconvolution and peak assignments of the clinoptilolite specimen, with only 
clinoptilolite phase (a) and with all the phases identified in XRD (b). The C, H, M and Q are the 
same as those in Figure 5.1 (* indicates inconsistent assignment from literature). 
C: Q4(3Al) 
C: Q4(2Al) 
C: Q4(1Al) 
C: Q4(1Al)* 
C: Q4(0Al) 
(a) 
C: Q4(3Al) 
C&H: Q4(2Al) 
C&H: Q4(1Al) 
C: Q4(1Al)* 
H&M: Q4(1Al) 
H: Q4(0Al) 
Q 
C: Q4(0Al) 
M: Q4(0Al) 
(b) 
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Peaks were assigned and the Si/Al ratio was estimated for both deconvolutions, as shown in Table 
5.2. The debatable peak at around -106 ~ -107 was assigned to Q4(0Al) or Q4(1Al) in clinoptilolite 
phase, and the corresponding Si/Al ratios were calculated. For deconvolution (a) shown in Figure 
5.2 (a), assignment of the Q4(1Al) structure yielded Si/Al ratio of 4.08, and the Q4(0Al) yielded 
7.00. Neither of values is consistent with the bulk Si/Al ratio. For deconvolution (b) shown in 
Figure 5.2 (b), assignment of the Q4(1Al) structure yielded Si/Al ratio of 4.85, and Q4(0Al) yielded 
6.53. The value 4.85 is consistent with the bulk ratio 4.9. This consistency suggests the quantitative 
NMR analysis was able to provide reliable estimation of Si/Al ratio if peaks are appropriately 
assigned.  
Table 5.2. Peak assignment and estimation of Si/Al for deconvolution (a) and (b) in Figure 5.2. 
Deconvolution (a) Deconvolution (b) 
Peaks (ppm) phase/structure Peaks (ppm) phase/structure 
-90.5 C/Q4(3Al) -90.3 C/Q4(3Al) 
-94.6 C/Q4(2Al) -94.6 C&H/Q4(2Al) 
-100.7 C/Q4(1Al) -100.9 C&H/Q4(1Al) 
-112.4 C/Q4(0Al) -107.5 Q 
107.1 C/Q4(1Al) C/Q4(0Al) -108.4 H/Q4(0Al) 
- - -111.9 C/Q4(0Al) 
- - -114.0 M/Q4(0Al) 
- - -106.2 Q4(1Al) Q4(0Al) 
Si/Al 4.08 7.00 Si/Al 4.85 6.53 
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5.4 Nanostructure of mature geopolymer 
Figure 5.3 shows the 29Si NMR spectrum of the 3-month geopolymer. The tail-like region of the 
spectrum (from -105 to -120 ppm) suggests the presence of unreacted metakaolin, as it is not 
observed in a more fully reacted metakaolin geopolymer (Duxson et al. 2005c). Additionally, 5- 
and 6-coordinated Al have been observed in the MAS 27Al NMR spectrum for the same specimen 
as shown in Figure 5.4.  
 
Figure 5.3. Deconvolution of 29Si NMR spectrum of the 3-month geopolymer specimen with no 
extraction. 
During deconvolution of the 29Si NMR spectrum, metakaolin peaks are considered in addition to 
those for geopolymer gel. Peaks with the same width, position and relative intensity as the raw 
metakaolin were incorporated. The peak positions are -92.7 and -106.6 ppm respectively. Since no 
Q4(4Al) 
MK 
Q4(3Al) 
Q4(0Al) 
Q4(1Al) 
MK 
Q4(2Al) 
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geopolymer peaks are expected at around -106.6 ppm, this peak is used to determine the relative 
intensity percent in this spectrum. For geopolymer phase, the peak widths were constrained to be 
less than 10 ppm, the same assumption made by Bernal et al. (2013) for geopolymers. The peak 
position, width and the intensity of each peak are summarized in Table 5.3.  
 
Figure 5.4. 27Al NMR spectrum of the 3-month geopolymer specimen with no extraction using a 
17.6-T probe. 
Based on the intensity of each peak, Si/Al was estimated using Equation 2.1, derived for zeolites 
(Engelhardt and Michel 1987) and also used successfully for mature geopolymers (Fernández-
Jiménez et al. 2006a, Kim 2012). 
The Si/Al was estimated to be 1.89. This ratio is considered to be consistent with the mix design 
(bulk ratio is 2.0). 
4-Al 
5-Al 6-Al 
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Table 5.3. Deconvoluted peaks of the MAS 29Si NMR spectrum of the 3-month geopolymer. 
Peak position 
(ppm) 
width (ppm) Area (%) Peak 
assignment 
-80.9 7.5 6.9% Q4(4Al) 
-86.0 7.7 16.9% Q4(3Al) 
 -90.4 7.0 21.2% Q4(2Al) 
-95.5 7.6 25.5% Q4(1Al) 
-100.8 9.6 11.7% Q4(0Al) 
-92.7 15.8 4.5% MK 
-106.7 16.9 13.2% MK 
 
5.5 Nanostructures of geopolymers at early ages 
5.5.1 Specimen at 51 hours 
5.5.1.1 Residue weights 
The weight of the specimen right after mixing was 1.9950 g and after curing in a sealed condition 
for 51 hours was 1.9885 g. Before extraction, the specimen was expected to contain three phases: 
metakaolin, geopolymer and soluble species. This specimen was then treated using combined 
water and solvent extraction, as developed in Chapter 4, to remove the soluble species and free 
water, and the dried residue was 1.1509 g. This residue was further treated using the HCl extraction 
to remove the geopolymer phase, after which the residue was 0.7525 g.    
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5.5.1.2 Si/Al from deconvolution 
The direct polarization (DP) spectra of HCl and combined extraction residues, and the 1H-29Si 
spectrum (CP) of the combined residue are shown in Figure 5.5. In deconvolution, two peaks were 
identified in the CP spectrum and assigned as Q2 and Q3. It should be noted that the HCl residue 
showed little intensity in its 1H-29Si CP spectrum, so these Q2 and Q3 are presumed to be from the 
geopolymer phase. The HCl residue (Figure 5.5a) was subtracted from that of the combined 
extraction residue (Figure 5.5b), with the obtained spectrum expected to be geopolymer gel. Before 
this subtraction, the spectra of the HCl and combined extraction residue were normalized to 0.7525 
g and 1.1509 g of each residue, respectively, such that both intensities corresponded to the total 
initial specimen before extraction.  
During deconvolution, the four Q4(nAl) peaks were identified based on features including 
shoulders and peaks in the subtracted spectrum of the geopolymer gel phase. The peak widths and 
shifts were adjusted to be close to the parameters in the 3-month specimen. For the Q2 and Q3 
peaks, the peak positions and widths were fixed to be consistent with those in the CP spectrum. 
Their intensities however were difficult to determine because they overlapped with the Q4(nAl) 
peaks. To roughly estimate the relative amount of Q2 and Q3, the intensity of the both CP and DP 
spectra for the geopolymer gel was compared with that of crystalline sodium silicate pellets with 
100% low-Q sites (Q0 and Q1) under the same NMR testing conditions (see Appendix A). 
Considering intensities of all the peaks and assuming the Q2 and Q3 structures have no aluminium 
replacement, the Si/Al ratio was estimated to be 3.61. The assumption of no aluminium 
replacement may result in certain inaccuracy, but it is believed to be acceptable because in other 
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alkaline-based aluminosilicate systems it has been suggested that Al is thermodynamically more 
likely to condense with higher-Q silicate species (McCormick et al. 1989). 
 
 
Figure 5.5. 29Si spectra of 51-hour specimens: (a) DP of HCl residue, (b) DP of combined extration 
residue, (c) 1H-29Si CP of combined extraction residue and (d) deconvoluted spectrum of 
geopolymer phase by subtraction (a) from (b) (MK = metakaolin; GP = geopolymer). 
These Q2 and Q3 sites might be on the surface of the geopolymer molecules. They might condense 
to form more crosslinked geopolymer gel in the combined extraction resideue, but no substantial 
changes are expected right after extraction until the NMR testing based on results presented in 
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Chapter 4. These sites are different from those in the solvent extraction residue where low-Q sites 
are precipitated from the solution due to the “salting-out” effects as discussed in Chapter 4.  
5.5.1.3 Si/Al from intensity analysis 
Based on the mix design of the specimen, the Si and Al in the specimen with known mass used for 
extraction at 51 hours were 1.32E-2 and 6.50E-3 moles. Following paragraphs aim to estimate the 
moles of Si, the Si/Al ratio of the HCl residue, based on both of which the mole number of Al was 
computed. These obtained mole numbers of Si and Al were used to estimate weights of 
corresponding phases in following sections.  
To estimate the moles of Si of the HCl residue from its total 29Si NMR intensity, the raw 
metakaolin was used as a standard. A raw metakaolin specimen of 58.4 mg, which contained 
5.16E-4 moles of Si based on its chemical composition, showed an intensity of 4469 (arbitrary 
unit). The specimen of the HCl extraction residue of 60.2 mg showed an intensity of 5410 (arbitrary 
unit). By comparing these intensities, the Si in the HCl residue (0.7525 g in total) was computed 
to be 7.63E-3 moles. This comparison across specimens here and below is believed to be valid as 
NMR tests would yield the same intensity for the same amount of a structural site with a certain 
chemical environment under the same experimental conditions. The following subsection 
validated this method by comparing these results with weights from chemical extractions.  
Then the Si/Al ratio of the HCl residue was estimated. With presence of 4-, 5- and 6-coordinated 
Al, it is not possible to estimate the total amount of Al by comparing the overall intensity, as 
intensity per mole of Al is different in different coordination environments (Massiot et al. 1990a). 
Therefore, the HCl residue was activated by NaOH solution so that all Al was converted to 4-
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coordination. As a reference, metakaolin was also activated by the same relative amount of NaOH 
solution. Around 100 mg of NaOH-activated MK showed intensities of 2194 and 35346 in 29Si 
and 27Al NMR, respectively, while around 100 mg NaOH-activated HCl residue at 51 hours 
showed intensities of 3079 and 33690 respectively. The molar Si/Al ratio of the reference materials 
(i.e., raw MK activated by NaOH), however, was known to be 1.03, the same as that in the raw 
MK. Based on this reference, the Si/Al of the NaOH-activated HCl residue, i.e., also the non-
activated HCl residue, was estimated to be 1.51.  
Using the Si/Al ratio and the moles of Si estimated above, the amount of Al was computed to be 
5.04E-3. The moles of Si and Al were later validated by comparing with the extraction weights.  
During the combined extraction, the liquid was collected and evaporated. Its dried mass was 
0.4906 g. Around 73.9 mg of this residue was tested using both 29Si and 27Al, and the intensities 
were 272 and 169, respectively. No NaOH activation was conducted, as the resulting error in the 
estimated amount of geopolymer phase is expected to be small. By comparing with the reference 
materials, the moles of Si and Al were estimated to be 3.07E-5 and 4.17E-6, respectively in this 
73.9 mg specimen. In the total 0.4906 g sample, the moles of Si and Al were calculated to be 
2.04E-4 and 2.77E-5.  
The moles of Si and Al of the geopolymer phase were estimated by subtracting those of the HCl 
residue and soluble silicates from the total Si and Al, respectively. For Si, the total moles and those 
corresponding to HCl residue and soluble silicates were 1.32E-2, 7.63E-3 and 2.04E-4, 
respectively, and thus that in the geopolymer phase was computed to be 5.37E-3 moles. Similarly, 
moles of Al in the geopolymer phase was computed to be 1.43E-3. The Si/Al ratio was therefore 
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3.74, similar to that obtained from spectrum deconvolution (i.e., 3.61). These results are 
summarized in Table 5.4. 
5.5.1.4 Estimated versus extracted weights 
The moles of Si and Al were obtained from the intensity above, from which the weights of HCl 
residue and geopolymer phase can be reasonably estimated by assuming a formula. The moles of 
Si and Al for the HCl residue were 7.63E-3 and 5.04E-3, respectively. The weight of the HCl 
residue therefore could be estimated to be the sum of 7.63E-3 moles SiO2 and 5.04E-3 moles of 
Al2O3, i.e., 0.72 g. This value is close to that obtained directly from weight measurements, 0.7525 
g. 
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Table 5.4. Summary of results from extraction, intensity analysis and deconvolution. 
Specimens 
Total 
weight NMR intensity analysis 
NMR 
deconvolution 
Weight 
(g) 
Si 
(mole) Al (mole) Si/Al Si/Al 
51h 
Total specimen 1.9885 
1.32E-
02 6.50E-03 2.00 - 
Residue (HCl) 0.7525 
7.63E-
03 5.04E-03 1.51 - 
SS* 0.4906 
2.04E-
04 2.77E-05 - - 
GP gel 0.3984 
5.37E-
03 1.43E-03 3.74 3.61 
19d 
Total specimen 1.9765 
1.35E-
02 6.63E-03 2.00 - 
Residue (HCl) 0.1654 
1.21E-
03 5.58E-04 2.17 - 
SS - - - - - 
GP gel 1.4760 
1.23E-
02 6.08E-03 2.02 2.27 
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* SS are the soluble species including aluminates and silicates removed during combined 
extraction. 
For geopolymer phase, the moles of Si and Al were 5.37E-3 and 1.43E-3, respectively. In Na-
based geopolymers, the moles of Na2O and Al2O3 should be theoretically equal to each other to 
balance the charge. The mass therefore can be estimated as sum of 5.37E-3 moles of SiO2, 1.43E-
3 moles of AlO3/2 and 1.43E-3 moles of NaO1/2, or 0.45 g. The corresponding value from weight 
measurement 0.3984, obtained by subtracting mass of HCl residue (0.7525 g) from that of the 
combined residue (1.1509 g).  
For both HCl residue and geopolymer phase, the estimated mass is regarded to be close to that 
from weight measurement. This consistency validated the moles of Si and Al from the intensity 
analysis. Furthermore, the Si/Al from the intensity analysis was 3.74, close to 3.61 from the 
deconvolution. 
5.5.2 Specimen at 19 days 
5.5.2.1 Residue weights  
The weight of the specimen right after mixing was 2.0355 g and after curing in a sealed condition 
for 19 days was 1.9765 g. This specimen was then treated using combined water and solvent 
extraction to remove the soluble silicates and free water, and the dried residue was 1.6414 g. This 
residue was further treated using HCl extraction to remove the geopolymer phase, after which the 
residue was 0.1654 g.  
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5.5.2.2 Si/Al from deconvolution 
As shown in Figure 5.6, deconvolution was conducted in a similar way as for the 51-hour specimen. 
In this case, however, the positions of the Q4(nAl) peaks more closely followed those seen in the 
3-month specimen shown in Figure 5.3. The amount of Q2-3 was insignificant at 19 days and thus 
was not included during deconvolution of the spectrum. The Si/Al of the geopolymer gel was 
estimated to be 2.27, lower than in the 51-hour specimen, probably because more Al was dissolved 
and participated to form geopolymers. 
 
Figure 5.6. 29Si spectra of 19-day specimens: (a) DP of HCl residue, (b) DP of combined extration 
residue, (c) deconvoluted spectrum of geopolymer phase by subtracting (a) from (b) (metakaolin 
= MK; geopolymer = GP). 
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5.5.2.3 Si/Al from intensity analysis 
Based on the mix design of the specimens, the moles of Si and Al the specimen with known mass 
used for extraction at 19 days were 1.35E-2 and 6.63E-3. Following paragraphs aim to estimate 
the moles of Si and the Si/Al ratio, and based on these two values to compute the moles of Al. 
To estimate the moles of Si from the total 29Si NMR intensity, the raw metakaolin was used as a 
standard. Around 51.7 mg HCl residue at this age was tested using 29Si NMR, showing intensity 
of 3359 (arbitrary unit). By comparing with the reference specimen, the Si in this specimen was 
estimated to be 3.79E-4 moles. The total mass of the HCl residue was 0.1654 g, and thus it 
contained 1.21E-3 moles of Si. 
Then the Si/Al ratio was estimated in the HCl residue. Around 140 mg NaOH-activated HCl 
residue was tested using 29Si and 27Al NMR. The intensity of 29Si and 27Al were 2766 and 21083, 
respectively. Using the NaOH-activated raw MK as a reference, the Si/Al of the NaOH-activated 
HCl residue, and thus also the non-activated HCl residue, was estimated to be 2.17. This value is 
higher than that in the raw MK, probably related to incongruent dissolution of the MK, but more 
systematic investigation is needed to fully understand this difference. 
Using the Si/Al ratio and the moles of Si estimated above, the amount of Al in the HCl residue 
was computed to be 5.58E-4. The moles of Si and Al were later validated by comparing with the 
extraction weights. 
The amount of soluble species during the combined extraction at 19 days was insignificant. The 
moles of Si and Al in geopolymer gel were estimated by subtracting those of the HCl residue only 
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from the total moles Si and Al before extractions, respectively. For Si, the total moles and that 
corresponding to HCl residue were 1.35E-2 and 1.21E-3, respectively, and thus Si in the 
geopolymer phase was computed to be 1.23E-2 moles. Similarly, moles of Al in the geopolymer 
phase were computed to be 6.08E-3. The Si/Al ratio was thus 2.02, similar to that obtained from 
spectrum deconvolution, 2.27. These results were summarized in Table 5.4. 
5.5.2.4 Estimated versus extracted weights 
Similar as the calculation for the 51-hour specimens, the weight of the HCl residue at 19 days was 
estimated to be the sum of 1.21E-3 moles SiO2 and 5.58E-4 moles of AlO3/2, i.e., 0.16 g. This 
value is close to that obtained directly from weight measurements, 0.1654g. 
For geopolymer phase, the mass was estimated as the sum of 1.23E-2 moles of SiO2, 6.08E-3 
moles of AlO3/2 and 6.08E-3 moles of NaO1/2, or 1.73 g. The corresponding value from weight 
measurement was 1.4760, based on subtracting mass of HCl residue (1.6414 g) from that of the 
combined residue (0.1654 g).   
For both HCl residue and geopolymer phase, the estimated mass is close to that from weight 
measurement. This consistency indicates the moles of Si and Al from the intensity analysis are 
reasonable. Furthermore, the Si/Al from the intensity analysis was 2.02, close to 2.27 from the 
deconvolution.  
5.5.3 Specimens at 51 hours versus 19 days 
As summarized in Table 5.4, the Si/Al ratio is the geopolymer is higher in the 51-hour specimen 
than in the 19-day one. This higher ratio at 51 hours was probably due to continuous incorporation 
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of more Al into the geopolymer gel. Relatively more geopolymer gel was seen at 19 days than at 
51 hours, suggesting reaction proceeded during this period. The Si/Al ratios of the HCl residue at 
both the ages were higher than 1.03, the ratio for the raw metakaolin, probably due to incongruent 
dissolution. The Si/Al ratio of 2.17 in the 19-day HCl residue, somewhat higher than expectation, 
is worth some further investigation.  
5.6 Conclusions 
A protocol using NMR deconvolution was developed to quantify structures of zeolites and 
geopolymers. Using deconvolution, the Si/Al ratios of a natural zeolite and a mature-geopolymer 
specimen were estimated and validated with their known bulk ratios. Then the Si/Al ratio of 
geopolymer phase was estimated for geopolymer specimens at 51 hours and 19 days after mixing. 
The amount of the geopolymer gel was higher and its Si/Al ratio was lower in 19 day-specimen 
than those in the 51 hour-specimen. For validation, moles of Si, Al and thus Si/Al were also 
estimated by analyzing the intensities of both the 29Si and 27Al NMR spectra, and the mass of each 
phase was estimated based on the moles of Si and Al, and was then compared with weights 
measured from different extractions. This study has demonstrated that deconvolution of 29Si NMR 
spectra, if properly conducted, is an effective technique to quantify the structures of geopolymer 
specimens.   
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Chapter 6. Setting and nanostructural evolution of metakaolin geopolymer 
6.1 Introduction 
As reviewed in Chapter 2, if geopolymers are to be used in structural concrete, it is critically 
important to understand and control their setting. Setting is the process by which a material changes 
from a fluid to a solid. In structural concrete, setting controls the time during which the material 
can be mixed, transported, and shaped. A few studies have reported set times for geopolymers 
(Silva et al. 2007, Suraneni et al. 2014), and some other studies examined related stiffening 
behaviors by rheology tests, small-angle X-ray scattering (SAXS) and static NMR tests (Steins et 
al. 2012, Favier et al. 2013, Favier et al. 2015, Rouyer and Poulesquen 2015). Nonetheless, there 
remains lack of detailed understanding concerning the nanostructural evolution associated with set, 
including a sysmtematic monitoring of precursor dissolution and consumption of liquid species.  
A conceptual model was proposed by Duxson et al. (2007a) to describe the geopolymerization 
process. It lists the following nanostructural changes: dissolution, equilibration of dissolved 
species, gelation, reorganization and polymerization. A key focus of the present study is to expand 
and improve on this model based on direct experimental evidence. The following paragraphs 
review evidence for this conceptual model. 
Many studies have shown that geopolymerization starts with dissolution of the precursor (often 
metakaolin or fly ash). One study concluded that setting is controlled by the aluminate species 
released by dissolution (Fernández-Jiménez et al. 2006b), although setting measurement was 
presented in their study. Dissolution is difficult to measure independently of precipitation or 
condensation. Leaching tests have been used to measure the dissolution kinetics of metakaolin in 
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a geopolymer (Feng et al. 2004), but results were said to be confounded by precipitation (Provis 
and Van Deventer 2009). The amount of aluminum released by dissolution of fly ash was estimated 
by analyzing its concentration in the filtrate after acid attack (Fernández-Jiménez et al. 2006b), a 
time-consuming analysis that can only be conducted at discrete times and can easily result in 
experimental errors. Liquid-state 27Al NMR has been used to examine reaction kinetics by probing 
the amount of ‘detectable’ Al (Rahier et al. 2007), but no direct estimation of the dissolution extent 
was reported. Solid-state 27Al spectra have confirmed that dissolution of metakaolin is associated 
with the conversion of 5- and 6-coordinated Al to 4-coordinated Al (Provis and Van Deventer 
2009), but the full nanostructural evolution in this conversion has not been systematically studied.  
Although solid-state 27Al NMR spectroscopy seems to be the most promising method to study the 
dissolution, it should be noted that quantitative interpretation of 27Al NMR spectra is not 
straightforward because the 27Al nucleus is quadrupolar (Man and Klinowski 1988, Massiot et al. 
1990b).  
After dissolution, aluminate and silicate species are believed to condense to form a gel (Provis and 
Van Deventer 2009), although detailed experimental evidence regarding this process has been 
lacking. Condensation can take place between silicate species themselves or between aluminate 
and silicate species, and the latter has been shown to proceed faster (Silva et al. 2007). Other 
factors shown to influence early-age mechanical properties include presence of nucleation sites 
such as aggregates or added oxides (Rees et al. 2008), and curing temperature (Rovnaník 2010). 
Techniques including (but not limited to) FTIR (Rees et al. 2007a, Rees et al. 2007b, 
Hajimohammadi et al. 2010, Hajimohammadi et al. 2011b), PDF (White et al. 2011b, White et al. 
2013), SAXS (Steins et al. 2012, Rouyer and Poulesquen 2015) and calorimetry (Yao et al. 2009) 
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have been used to probe the nanostructure evolution. Compared to these techniques, solid-state 
29Si NMR provides more detailed nanostructural information in terms of atomic connectivity for 
both zeolites and mature geopolymers. However, this experiment is too slow for probing early-age 
reactions in geopolymers. Nanostructural evolution has been investigated in dilute solutions with 
liquid-state 29Si NMR (North and Swaddle 2000, Anseau et al. 2005), but not for geopolymer 
systems in which species are highly concentrated. One exception is a study of metakaolin-based 
geopolymers, in which liquid-state 29Si NMR was used to probe the silicate species right after 
mixing until around 15 hours (Barbosa et al. 2000), and spectra were seen to evolve with time. 
With careful examination of these observable silicates, more insight could be obtained on 
condensation reactions. 
A few studies have examined the structure of geopolymers at set. The conceptual model by Duxson 
et al. (2007a) described above did not identify the step associated with set. Fernandez-Jimenez 
attributed set to the formation of gel with high aluminum content (Fernández-Jiménez et al. 2006b) 
but, as noted above, did not report set measurements. A previous study correlated the rheology 
behaviors of early-age geopolymers with the size evolution of aluminosilicate using SAXS (Steins 
et al. 2012), and in a later study (Rouyer and Poulesquen 2015) the gel point was estimated by a 
rheology method used in organic polymer system. Favier et al. (2013) attributed the first increase 
of shear elastic modulus in rheology tests within 15 minutes after mixing to the formation of Al-
rich gel by comparing rheology behaviors with synthesized gel, and attributed a second increase 
to the formation of gel with low mobility as it coincided with intensity drop of Al and Na detected 
in static NMR tests (Favier et al. 2015). At set, there still remains lack of information regarding 
the structural connectivity of the product. Therefore, the objective here in this chapter was to better 
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understand the correlation between nanostructure and setting using more detailed nanostructural 
information. Calcium has been found to speed up setting (Temuujin et al. 2009, Suraneni et al. 
2014), an effect that is discussed in Chapter 7. 
To better understand setting, it is necessary to probe the structure of aluminate and silicate 
precursor species as condensation proceeds, to observe formation and structural evolution of the 
gel, and to correlate these with measured setting behavior. In this study set was measured using 
both penetration resistance and UWR. Dissolution of aluminum was measured using solid-state 
27Al NMR spectroscopy. Liquid-state 29Si NMR spectra were analyzed to provide insights on how 
silicate species in solution change as they undergo condensation. The liquid-state 29Si NMR 
experiment is rapid enough for monitoring early-age changes with time and is reliably quantitative 
under appropriate experimental conditions; and in particular reduction in silicates in solution 
detected using liquid-state 29Si NMR is expected to reflect their inclusion in large aluminosilicate 
gel species at early ages when Si from dissolution is minimum. The main objective of study 
presented in this chapter was to probe nanostructural changes associated with reaction, and only 
limited microstructural work was done.  
6.2 Experimental procedure 
The composition of the geopolymer mix (expressed as molar Na2O:Al2O3:SiO2:H2O) was 1:1:4:11, 
chosen because it has been shown to produce high mechanical strength (Kriven et al. 2003, Duxson 
et al. 2007b), and to be thermodynamically stable (Criado et al. 2008). Detailed synthesis 
procedure is described in Chapter 3. Two setting tests were conducted, penetration resistance and 
UWR, both of which are described in Chapter 3. Both tests were begun right after mixing.  
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The solid-state 27Al NMR tests were carried out to monitor the conversion of 5- and 6-coordinated 
Al to 4-coordinated Al in metakaolin in geopolymer gel by measuring the amount of each site at 
different times and examine how this conversion is associated with setting. Tests were conducted 
at 7.04 T using a Varian Unity Inova spectrometer. A 4-mm magic-angle spinning (MAS) probe 
was used at a spinning rate of 12 kHz. The specimen was packed into the rotor right after mixing 
and allowed to react there. The first test began at about 20 minutes after mixing. A 30-degree pulse 
of 0.725 µs was used. Recycle delay was 1.0 s and 2048 scans were acquired for each test. More 
details are described in Chapter 3. 
Liquid-state 29Si NMR tests were also carried out to monitor nanostructural evolution associated 
with setting. Tests were conducted at 14.1 T using a Varian Unity Inova spectrometer. Right after 
mixing the specimen was packed into a 5-mm glass tube and allowed to react there. The first test 
began at about 20 minutes after mixing. A 90-degree pulse of 6 µs was used, and recycle delay 
was 30 s and 64 scans were acquired for each test.  
Deconvolutions of the NMR spectra were conducted using two types of software. The 27Al spectra 
were deconvoluted using WSolids (Eichele 2015), a program that deconvolutes solid-state NMR 
spectra. Several studies have used this program to simulate quadrupolar nuclei (Ashenhurst et al. 
2000, Chen and Huang 2006, Sutrisno et al. 2012). During simulation of 27Al NMR spectra, 
quadrupolar coupling (Cq), asymmetry (η), and isotropic chemical shift were considered, and their 
values were set within ranges suggested for kaolin (Rocha 1999) and geopolymers (Brus et al. 
2012). The 29Si spectra were deconvoluted using MestReNova, an NMR processing software, as 
described in detail in Chapter 3.  
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To provide further structural information, three additional experiments were conducted. First, 
solid-state cross-polarization 1H/29Si NMR tests were conducted using the Varian Unity Inova 
spectrometer at 7.04 T. The contact time was optimized to show the highest intensity. Recycle 
delay was 2.0 seconds, and 8192 scans were acquired. Prior to the testing, the specimen at set was 
dried by solvent extraction as developed and shown in Chapter 4. Microstructure of the mix at set 
was also examined using a JEOL JSM-6060 LV scanning electron microscope (SEM). Prior to the 
imaging, the specimen was treated with the combined water and solvent extraction, as developed 
and shown in Chapter 4, to stop the geopolymer formation and extract water. For comparison, 
microstructure of the raw metakaolin powders was examined. Additionally, MAS 27Al NMR tests 
were carried out on both silicate-activated mix (with composition 1:1:4:11) and hydroxide-
activated mix (with composition 1:1:2:11) at 17.6 T using an Agilent VNMRS spectrometer 
operating at a resonance frequency of 195.3 MHz. A 15-degree pulse was used. Recycle delay was 
1.0 s and 2048 scans were acquired for each test. 
6.3 Results and discussion 
6.3.1 Setting behavior 
Setting behavior is shown in Figure 6.1. Set was assigned when penetration resistance reached 2 
MPa, around 15-16 hours, and when two lines fitted to the UWR results (using a least squares fit) 
intersected (Puligilla and Mondal 2013), also around 15-16 hours. In Figure 6.1, the UWR curves 
decreased substantially (from unity) immediately after mixing. This drop seems to be consistent 
with the increase in shear elastic modulus in rheology tests reported by Favier et al. (2013) within 
15 minutes after mixing, while further examination is needed to understand this phenomenon. They 
attributed this increase to the formation of Al-rich gel. In the UWR test of cement pastes, a less 
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substantial initial drop is generally observed, and is attributed to flocculation of the cement 
particles (Suraneni et al. 2014), although it is not expected that metakaolin would show such 
flocculation. 
 
Figure 6.1. Penetration resistance and UWR curves of geopolymer with composition 
1Na2O·1Al2O3·4SiO2·11H2O.  
6.3.2 Al dissolution during geopolymerization 
The solid-state 27Al NMR spectrum in Figure 6.2 was typical for those obtained for the study. The 
spectra were deconvoluted into peaks for 4-, 5- and 6-coordinated Al, as shown in this figure, and 
the area of each deconvoluted peak was plotted versus time in Figure 6.3. Data points at each time 
in this figure correspond to individual 27Al NMR tests. The 4-coordinated Al increased while the 
5- and 6-coordinated Al decreased with time, changes generally observed during geopolymer 
reaction and indicating metakaolin dissolution (Provis and Van Deventer 2009). This conversion 
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was rapid right after mixing up to around 10 hours, then slowed down and became immeasurable 
after 15 hours (although additional dissolution was observed after several months shown in 
Appendix B). Although 27Al is a quadrupolar nucleus so quantitative interpretation is uncertain, 
this test provides a reliable indicator for the conversion from 5- and 6- to 4-coordinated Al. The 4-
Al structure is more symmetric than those of 5- and 6-coordinated Al, and thus a higher portion of 
4-coordinated Al with respect to its own amount can be detected (Fyfe et al. 2000); so the molar 
percentage of 4-coordinated Al estimated from the intensity percentage would be magnified, and 
thus also is the estimated conversion of 5- and 6- to 4-coordinated Al. Nonetheless, it can be 
conservatively concluded that dissolution to release Al was negligible after 15 hours.   
 
Figure 6.2. Solid-state 27Al spectrum around 20 hours after mixing (experimental spectrum and 
deconvoluted peaks). 
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Figure 6.3. Amounts of 4-, 5- and 6-coordinated Al as geopolymerization proceeded.  
6.3.3 Aqueous species during geopolymerization 
The liquid-state 29Si tests were carried out to examine silicates in solution. Figure 6.4, a spectrum 
at around 0.5 hour after mixing, was typical for study presented in this chapter. The spectra were 
deconvoluted based on observed shoulders, and these were assigned to Q0-4 silicon sites as shown. 
The assignments are based on those reported for aluminum-free silicates in liquid-state 29Si NMR 
spectra (Bass and Turner 1997). The Q4 peak is broader than the others, suggesting that the Q4 
molecules are larger and less mobile than the lower-Q molecules. The amount of silicon in each 
site was estimated and normalized with respect to its own amount right after mixing (i.e., from the 
first data collected for the specimen). Each normalized amount and the ratio Q4/Q3 were plotted 
versus time in Figure 6.5 (a) and (b), respectively. As shown in Figure 6.5 (a), intensities of Q3 
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and Q4 species decreased right after mixing up to 10 hours, and those of Q2 and Q3 species began 
to drop after 15 hours. The increase of Q0 was rapid after 20 hours and is discussed later in this 
chapter. As shown in Figure 6.5 (b), the ratio Q4/Q3 increased progressively with time. These 
changes are discussed and correlated with Al dissolution results and set later in this chapter. 
 
Figure 6.4. Deconvolution of liquid-state 29Si NMR spectrum, 0.5 hour after mixing 
(experimental spectrum and deconvoluted peaks).   
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Figure 6.5. Normalized amounts of Q(0-4) sites (a) from liquid-state 29Si NMR tests and ratio of the 
normalized Q4 and Q3 (b) as geopolymerization proceeded. 
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No peaks were assigned to aluminum-containing silicate species in the liquid-state 29Si NMR 
spectra in the current study. This assignment is consistent with the literature. Here the peak 
positions (-71, -79, -87, -95, and -109 ppm) are no more different than 1 ppm from each 
corresponding Al-free silicate site (Q0-4) in solution as reviewed by Bass and Turner (1997), and 
generally a 4-5 ppm difference in chemical shift is expected when silica is bonded to alumina 
(Swaddle 2001). Similarly, no aluminosilicate species were detected in an aluminosilicate solution 
with similar composition during zeolite formation using liquid-state 29Si NMR (Ginter et al. 1992). 
Furthermore, the static 27Al NMR tests (shown in Appendix C) indicated very little Al in solution, 
consistent with a recent study by Favier et al. (2013) for mixes similar to the current studied 
composition. It should be noted that liquid-state 29Si NMR may not detect aqueous 
aluminosilicates at the concentration and temperature used here (Kinrade and Swaddle 1989, North 
and Swaddle 2000).  
6.3.4 Formation of aluminosilicate gel 
Upon dissolution, Al appeared to be incorporated into solid aluminosilicate oligomers. An aqueous 
Al(OH)4- peak was seen in 27Al spectra of hydroxide-activated metakaolin geopolymers with Si/Al 
around 1.0 (not shown here, can be found in Figure 6.8), and also observed in a similar study of 
metakaolin-based geopolymer with Si/Al less than 1.4 (Duxson et al. 2005a). However, no such 
peak was detected in the current mix (composition 1:1:4:11), indicating that, at this high Si/Al 
ratio, all Al released from the dissolution of metakaolin was condensed immediately with silicate 
species to form aluminosilicate oligomers. Favier and colleagues (2013) drew a similar conclusion 
for specimens within 15 minutes after mixing based on the rheology behavior of gels synthesized 
with varying Al contents.  
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Based on other reports, the newly formed aluminosilicate oligomers, which were not detected by 
liquid-state 29Si NMR, are presumed to be larger than the silicate species that were detected by this 
method. In one such report (Granizo et al. 2014), a leaching study conducted on a metakaolin 
geopolymer, both liquid-state 27Al and 29Si NMR detected only silicate and aluminate monomers 
in the liquid phase and found aluminosilicates only as precipitates, separated from the liquid phase 
by filtration using a pore size of 3-5 µm. In a SAXS study of metakaolin geopolymers (Steins et 
al. 2012), aluminosilicate oligomers right after formation were estimated to be around 2 nm (11 to 
12 monomeric repetitions) and then to aggregate into larger-sized species. More recently, Favier 
and colleagues (2015) correlated the increase of shear elastic modulus at a few hours with the 
decrease of intensity in static 27Al and 23Na NMR, and attributed to the formation of low-mobility 
gel, which could be considered as solid. These studies suggest the aluminosilicate oligomers tend 
to enlarge over time.  
To provide further insight into nanostructural evolution, results from the two NMR methods were 
compared in more detail.  
 At 0-10 hours, the Q3 and Q4 silicates decreased, as shown in Figure 6.5 (a). This change was 
accompanied by a rapid release of Al due to dissolution of metakaolin, as shown in Figure 6.3. 
Only higher-Q silicate species were seen to decrease, consistent with the observation that 
aluminosilicate formation was enhanced with the ratio of [SiO2]/[M2O] (McCormick et al. 1989), 
as the higher ratio results in higher polymerization degree in silicate solution (McCormick and 
Bell 1989). As noted above, these two changes indicated formation of aluminosilicate oligomers.  
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At 10-15 hours new aluminosilicate formation slowed down, indicated by the slower decrease in 
Q3 and Q4 in Figure 6.5 (a) as well as the slower dissolution of metakaolin in Figure 6.3. The Q4/Q3 
ratio increased during this time, as shown in Figure 6.5 (b), suggesting that the size of Q4 silicates 
in solution was progressively increased. At the same time, the previously-formed aluminosilicates 
in the system condensed to form larger structural units. Such condensation between 
aluminosilicates is expected, as the formation of Si-O-Al bonds is thermodynamically more 
favorable than formation of Si-O-Si bonds (Silva et al. 2007). White et al. found thermodynamics 
of reactions involving aluminate monomer depend on charge state, but they did not provide results 
for reactions involving aluminosilicates reactants (White et al. 2011a). The observation of 
condensation is consistent with the SAXS (Steins et al. 2012) observation that smaller 
aluminosilicate oligomers (seen right after dissolution of metakaolin) condense to form larger 
oligomers (that act as building blocks for further growth of geopolymer network). Once most, if 
not all, Al-containing species have condensed into large aluminosilicate structural units, more Al-
free silicates in the solution are expected to participate in the following stages of the reaction. 
Starting at 15 hours, Q2 and Q3 decreased and Q4 increased, as shown in Figure 6.5 (a). The 
decrease should not be due to formation of aluminosilicates, as little aluminum was released by 
dissolution (Figure 6.3). The only possibility for these changes is that silicate ions in solution are 
attaching to the larger aluminosilicate structural units that were developed beforehand. This 
attaching process is consistent with the incorporation of Si-OH group to Al-rich gel, thereby 
enriching the gel in Si, proposed by Provis and Bernal (Provis and Bernal 2014) when they 
commented on earlier FTIR results regarding geopolymerization (Fernández-Jiménez and Palomo 
2005). Such attaching was also concluded by previous simulation studies: mathematical modeling 
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by Provis and van Deventer (2007) concluded that aluminosilicate gel forms by consuming 
aluminosilicate polymer and silicate species; and multiscale modeling by White et al. (2012) 
concluded that gel forms by Ostwald ripening, during which larger species growth while smaller 
ones disappear. Medium sized Q2 and Q3 species are more likely to participate in this attaching 
process—on the one hand they have sufficient mobility, and on the other hand they are large 
enough to make contact with the aluminosilicate molecules. This attaching process leads to the 
formation of aluminosilicate gel, comprised mainly of Q4 species. The beginning of this attaching 
process, i.e., right at the point when the large units have formed, coincided with set (around 15-16 
hours) in Figure 6.1. At this time, the large structural units are believed to span across unreacted 
metakaolin particles. Another point worth mentioning is that at 15 hours after mixing and thereafter, 
Q0 silicon intensity increased substantially, perhaps because, as suggested (Provis and Van 
Deventer 2009), at first dissolution releases aluminum more rapidly than silicon and later the 
silicon is catching up. Alternatively, this increase could be due to an increased pH resulting from 
removal of Si species from the solution, which may shift speciation towards monomers and may 
also enhance dissolution of metakaolin. At the same time dissolution of Al ceased or significantly 
slowed down, perhaps because the metakaolin, from which Al(OH)4- is released, was covered by 
solid product, as proposed by Provis et al. (Provis et al. 2005) for silicate-activated metakaolin 
geopolymers.  
6.3.5 Structure at set 
The discussion above of MAS 27Al and liquid-state 29Si NMR results indicates at set (around 15 
hours) that aluminosilicate gel coexists with silicate species in solution and unreacted solid 
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metakaolin particles. Here SEM and solid-state cross-polarization 1H/29Si NMR results are 
presented to further confirm the presence of aluminosilicate gel and silicate species, respectively.  
SEM results further support presence of aluminosilicate gel at set. Figures 6.6 (a, b) show the 
residue after combined extraction for the mix at 15 hours (around set) and raw metakaolin, 
respectively. Little gel is seen, probably because little remains after combined extraction—it was 
noted above that the three-dimensional network structure (required to resist dissolution during the 
extraction) has not yet formed at set. Nonetheless, examination reveals some subtle differences. In 
circled areas, for example, raw metakaolin particles, Figure 6.6 (b), show plates with sharper edges, 
but the combined-extraction residue, Figure 6.6 (a), show plates with smoother edges. This 
smoothness could be due to gel coated on the unreacted metakaolin. The particles can still be 
distinguished from each other, suggesting that only a small amount of gel is present.  
   
Figure 6.6. SEM micrographs of residue of the geopolymer mix after combined extraction at 15 
hours (a) and raw metakaolin particles (b).  
(a) (b) 
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The solid-state cross-polarization 1H/29Si NMR tests were conducted to further confirm the 
presence of low-Q Si species at set. Specimen was dried by solvent at set. Figure 6.7 shows both 
the direct and cross-polarization NMR spectra. In the cross-polarization spectrum, signal of low-
Q Si sites, Q1-3, was enhanced. It should be noted that solvent drying might change the relative 
amount of low-Q species, as discussed in Chapter 4, but would not decompose Q4 to lower-Q 
species. Low-Q species are thus present in specimen at set regardless of drying. Similar tests were 
conducted under the same condition for raw metakaolin and 3-month geopolymer mix, but no such 
significant signal enhancement of the low-Q sites was observed. Evidence here is consistent with 
the liquid-state 29Si NMR and further confirms the presence of low-Q Si sites at set. Spectra of 
additional specimens also suggest the presence of the low-Q species, as presented in Appendix D. 
 
Figure 6.7. Direct (29Si) and cross-polarization (1H/29Si) NMR spectra of geopolymer mix dried 
by solvent at the setting point. DP = direct polarization; CP = cross polarization. 
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The MAS 27Al NMR results provide some indication that the aluminosilicate gel forms a protective 
layer near the metakaolin surfaces. In Figure 6.8 (a), aqueous Al(OH)4- is observed in MAS 27Al 
NMR spectrum for hydroxide-activated metakaolin, but not for silicate-activated one. The 
following mechanism was proposed: in silicate-activated mixes, the high concentration of Si in the 
liquid would immediately capture Al that is released from metakaolin surfaces to form 
aluminosilicate gel, before aqueous aluminate diffuses away. In Figure 6.8 (b), more 4-coordinated 
Al is observed at all tested reaction times, indicating a higher dissolution extent. Deconvolution of 
a typical NaOH-activated metakaolin is shown in Appendix E. Both the aqueous 4-Al and the solid 
4-Al were counted as 4-Al in Figure 6.8 (b). In the silicate-activated mix, the aluminosilicates that 
formed near the metakaolin surfaces may act as a protective layer and hinder further dissolution. 
This protective layer mechanism has been proposed by Provis and colleagues (Provis et al. 2005), 
based on the previously reported nucleation sites around quartz in an aluminate solution. Later, 
White et al. (2012) postulated the same mechanism in silicate-activated metakaolin based on 
multiscale simulation, consistent with implications from other nanostructural studies using PDF 
techniques from the same group (White et al. 2011b). More recently, rheology study by Favier et 
al. (2013) further supports this mechanism, even though at a macroscale level. 
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Figure 6.8. Typical MAS 27Al NMR spectra (a) of early age geopolymers “MK+SS”, (with 
composition 1:1:4:11, expressed as Na2O:Al2O3:SiO2:H2O). and “MK+NaOH” (with composition 
1:1:2:11), and relative percent of 4-Al (b) for both mixes.  
(a) 
(b) 
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6.3.6  Nanostructural evolution model 
The nanostructural evolution process indicated by current evidence is depicted in Figure 6.9 (a). 
This schematic is based on the model of Duxson et al. (2007a) and is consistent with the model of 
Palomo et al. (2014). It provides greater experimental detail to support previous simulation work 
(Provis and van Deventer 2007, White et al. 2012) for some reaction stages and explicitly includes 
set. This schematic is summarized and the mechanism is compared with literature in more detail 
below. 
The first step after mixing metakaolin and sodium silicate solution (up to 10 hours for the current 
mix) is simultaneous dissolution and condensation. Dissolution is characterized by rapid release 
of Al, as indicated by the solid-state 27Al NMR results in Figure 6.3. After (or to some extent 
concurrent with) dissolution, condensation produces a system with silicate ions and 
aluminosilicate oligomers, mainly in solid phase. This first stage is described as dissolution, 
equilibration and gelation in the previous model of Duxson et al. (2007a), and as dissolution in the 
model of Palomo et al. (2014). This current study has advanced the knowledge in this first stage 
by providing detailed evidence of structural evolution--by systematically monitoring dissolution, 
it has been shown that condensation occurs rapidly and simultaneously with dissolution. 
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Figure 6.9. Schematic of (a) geopolymerization for the metakaolin geopolymers based on 
experimental evidence, and (b) nanostructure at set, when silicates in liquid (e.g., as circled) 
condense with aluminosilicate gel. MK = metakaolin. 
(a) 
(b) 
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The second stage (10-15 hours for the current mix) in Figure 6.9 (a) is further condensation. 
Dissolution of Al slows, as indicated by the 27Al NMR results, causing formation of additional 
aluminosilicate oligomers to slow. Condensation takes place mainly between previously-formed 
aluminosilicate oligomers, as supported by the liquid-state 29Si NMR evidence and studies in the 
literature, and condensation forms large structural units. This second stage probably corresponds 
to gelation or reorganization in the previous model of Duxson et al. (2007a) but without clear 
definition, and to formation of a phase rich in Al in the model by Palomo et al. (2014).  
The last stage (15 hours and afterwards) in Figure 6.9 (a) is polymerization. During this stage there 
is ongoing growth of the network gel structure as small silicate species in the sol attach themselves 
to the large aluminosilicate structural units to form gel. This process was supported by the 
observation that low-Q (Q2-3) species observed in liquid-state 29Si NMR spectra decreased in 
concentration, and that dissolution observed in solid-state 27Al NMR spectra ceased. This last step 
corresponds to polymerization and hardening in the previous model of Duxson et al. (2007a), or 
to formation of Si-rich gel in the model by Palomo et al. (2014).  
A similar nanostructural-evolution process was described by Scherer and Brinker (1990) for silica 
gelation. During the initial stage of the process, polymers condense or particles aggregate until 
clusters form. These clusters then collide and link with each other to form a giant cluster, probably 
spanning the vessel that contains it. At this time, many clusters are still entangled in a sol. As 
gelation proceeds, these entangled clusters progressively attach to the spanning cluster, increasing 
the stiffness. Formation of the aluminosilicate gel described above is thus analogous to the 
development of silica gel, and at some point (here around 15 hours) the attaching process 
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contributes to stiffness of the developing aluminosilicate gel similar to the increase in stiffness 
during silica gelation.  
6.3.7 Setting mechanism 
At the setting point, it has been confirmed the coexistence of aluminosilicates and low-Q silicates 
based on NMR tests. Evidence presented here suggests the formation of aluminosilicate gel near 
the metakaolin particle surface. A schematic diagram was developed, Figure 6.9 (b), to depict the 
nanostructural evolution. Set occurs when the low-Q silicates in liquid phase condense with 
aluminosilicate gel to connect metakaolin particles. Such formation of a percolating network is 
further supported by the rapid increase in penetration strength (Figure 6.1) and is consistent with 
other evidence in silicate-activated metakaolin based on rheology and SAXS tests (Rouyer and 
Poulesquen 2015). Study here provides greater detailed nanostructural evidence in terms of 
speciation connectivity and its reaction at set.  
6.4 Conclusions 
The objectives of this study were to probe the nanostructural evolution of the aluminosilicates 
during geopolymerization in the metakaolin based system and to correlate this evolution with 
setting behavior. By correlating the dissolution with changes in aqueous silicate species during 
formation of geopolymer gel, it was possible to identify the specific changes associated with set. 
In the mixture studied, dissolution to release aluminum, characterized by conversion of 5- and 6- 
to 4-coordinated aluminum, proceeded rapidly at first and then more slowly. With fast release of 
aluminum, condensation took place to form aluminosilicate oligomers, which appear to occur near 
metakaolin particle surfaces. These grow by further condensation, as indicated by liquid-state 29Si 
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results and literature. Then smaller-sized silicate ions attach to these units, as indicated by both 
27Al and 29Si NMR spectroscopy, to connect gels and metakaolin particles, a process that is 
characterized as polymerization and is associated with increased strength and stiffness. Set occurs 
at the beginning of this attaching process, with the formation of large units that apparently form a 
percolating structure.  
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Chapter 7. Effects of calcium on setting of metakaolin geopolymers 
7.1 Introduction 
In reactive aluminosilicate hydrated in alkaline media, with presence of calcium, the coexistence 
of geopolymer gel and calcium aluminosilicate hydrate (C-A-S-H) (i.e., Al-substituted calcium 
silicate hydrate (C-S-H), the latter being the main product when portland cement hydrates) is often 
observed (Alonso and Palomo 2001b, Alonso and Palomo 2001a, Yip et al. 2005, Yip et al. 2008), 
as reviewed in more detail in Chapter 2. The geopolymer gel is an aluminosilicate with a three-
dimensional network structure (Li et al. 2010). Calcium silicate hydrate (C-S-H), generally the 
main product from hydrated portland cement, has a calcium oxide layer sandwiched by chains 
composed of silica tetrahedra (Taylor 1997). When silica tetrahedra are partially substituted by 
alumina tetrahedra, it becomes C-A-S-H (Andersen et al. 2003), with a similar structure. This 
hybrid system of both the phases was stated to provide combined advantages of mechanical 
strength and durability from both phases, and possibly to utilize aluminosilicate wastes with 
insufficient reactivity when activated alone (Provis and van Deventer 2013).  
Early age properties are influenced by calcium. With calcium, setting is much faster for fly-ash 
and metakaolin geopolymers (Lee and Van Deventer 2002, Suraneni et al. 2014). Early-age 
strength may increase, depending on curing conditions (Yip and van Deventer 2003, Temuujin et 
al. 2009). The corresponding mechanisms are not clear, but they could be due to formation of both 
C-A-S-H and geopolymer gel by interaction of calcium, aluminate and silicate ions (Yip and van 
Deventer 2003, Yip et al. 2005). In the system Na2O-CaO-SiO2-Al2O3-H2O, the co-precipitation 
of gels has been studied, and the ion exchange of Ca and Na has been found to destabilize the 
structure of geopolymer gel and favor the formation of C-A-S-H like gels at high pH (> 12) and 
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high concentration of Ca and Na (Garcia-Lodeiro et al. 2011). This phenomenon however has not 
been directly correlated to the above changes of geopolymers in early-age (before and around set) 
properties.  
Without calcium, the study of silicate-activated metakaolin in Chapter 6 indicates that setting 
involves development of gel with an interconnected network structure in the following steps. (1) 
Al species release rapidly after mixing and immediately condense with silicate species in solution 
to form larger-sized aluminosilicate oligomers. (2) Oligomers condense to form large structural 
units, probably spanning across unreacted metakaolin particles. (3) Smaller-sized silicate ions 
attach to the units to form a gel with a more interconnected network structure. The initial stage of 
this attaching process is associated with set. 
Some hypotheses have been proposed to explain the acceleration of setting with calcium. These 
hypotheses, together with early-age reaction and structures, are summarized in Figure 7.1. Upon 
mixing precursor, activating solution and calcium (typically in the form of hydroxide), dissolution 
begins and aluminate, silicate and calcium ions are released. These ions then condense to form 
both geopolymer gel and C-A-S-H. One proposed mechanism, with no experimental evidence, is 
that formation of C-A-S-H consumes H2O and locally increases pH, thereby enhancing dissolution 
of the precursor (Temuujin et al. 2009). When slag was added to fly ash geopolymers the enhanced 
dissolution of fly ash was observed, a phenomenon that was attributed to the pH changes and the 
need to maintain the Si concentration when it is consumed by forming C-A-S-H (Puligilla and 
Mondal 2013). Another mechanism is that C-A-S-H formation would itself cause setting, similar 
to the mechanism for setting in portland cements (Taylor 1997). This mechanism was claimed in 
the study of fly ash geopolymers (Puligilla and Mondal 2013) and was supported by the presence 
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of C-A-S-H in their more recent study (Puligilla and Mondal 2015). Additionally, C-A-S-H and 
calcium hydroxide in the calcium-containing geopolymers could potentially act as nucleation sites 
for geopolymers (Yip et al. 2008). In some other studies (not direct investigation of the calcium 
effects), the nucleation effects on the geopolymerization kinetics have been incorporated in a 
mathematical model by Provis and van Deventer (2007) and have been studied experimentally, for 
example, by Rees et al. (2008) and Hajimohammadi et al. (2011a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Schematic showing changes in early-age reactions and structures with addition of 
calcium and possible mechanisms of the accelerating effects by calcium (in red, discussed in some 
detail in the text). 
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The objective in this chapter was to understand the accelerating effects of calcium. Structures were 
analyzed, above mechanisms were examined and a more systematic one was proposed based on 
experiments. Solid-state 27Al NMR tests monitored conversion of 5- and 6-coordinated to 4-
coordinated Al (i.e., changes associated with dissolution (Duxson et al. 2005a, Provis and Van 
Deventer 2009), comparing with a non-calcium mix as studied in depth in Chapter 6. Quantitative 
solid-state 29Si NMR tests, used in geopolymers (Fernández-Jiménez et al. 2006a, Kim 2012, 
Bernal et al. 2013), were conducted to quantify phases. Due to long testing time, a two-stage 
extraction in water and alcohol (i.e., combined extraction developed in Chapter 4) suspended 
reaction beforehand. For unambiguous structural assignment, extractions in salicylic acid and 
methanol (SAM) and hydrochloric acid (HCl) dissolved C-A-S-H and geopolymer gel respectively, 
and residues were also tested.  
Study here will benefit research and practice on calcium geopolymers and similar systems. Binders 
based on a combination of geopolymer gel and C-A-S-H represent an important future trend in 
construction materials (Provis and van Deventer 2013). Nanostructural experiments provide 
fundamental understanding of the early-age structural evolution, which has not been well 
understood. With such understanding, geopolymers with controlled setting can be synthesized 
using calcium-containing wastes including fly ash and slag.  
7.2 Experimental procedure 
The molar ratio of the calcium mix (expressed as CaO:Na2O:Al2O3:SiO2:H2O) was 0.4:1:1:4:12.1, 
while that of the non-calcium mix was 0:1:1:4:11. Both mixes had the same water/solid ratio. The 
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raw materials and synthesizing procedure are described in Chapter 3. Setting behaviors were 
characterized using both penetration resistance and UWR tests.  
To estimate the metakaolin dissolution rate and extent, solid-state 27Al NMR tests were conducted 
every hour. These utilized a Varian Unity Inova spectrometer with magnetic field of 7.04 T. The 
27Al pulse width was 0.725 µs, a 30-degree pulse. Recycle delay was 1.0 s and 2048 scans were 
acquired for each test. These are the same experimental conditions for study in Chapter 6 and are 
described in more detail in Chapter 3. A few other solid-state 27Al NMR tests were conducted at 
selected times (1, 6 and 15 hours after mixing) using a Varian NMR spectrometer at 17.6 T (i.e., a 
higher field). Experimental conditions were similar to the lower field tests, but the MAS spinning 
rate was 16-kHz and the pulse width was 1.25-µs (15 degree). Relative amounts of 4-, 5- and 6-
coordinated Al were thus measured at different times of reaction, and the dissolution extent (i.e., 
the percent of 5- and 6-coordinated Al converted to 4-coordinated Al) was estimated. 
In addition, solid-state 29Si NMR was conducted to quantify phases at the same selected times--1, 
6 and 15 hours after mixing. These tests utilized the same Varian Unity Inova spectrometer 
operating at 7.04 T with a pulse width of 2.5 µs (a 90-degree pulse). Recycle delay was 30 s and 
number of scans was 2048. Each quantitative 29Si test took around 17 hours. Prior to tests, the 
combined extraction (COM) was conducted to suspend reaction. For the calcium mix, the COM 
residue was extracted with SAM, removing any C-(A)-S-H and leaving unreacted metakaolin and 
geopolymer gel. The SAM residue was further extracted with HCl solution, removing any 
geopolymer gel and leaving unreacted metakaolin. For the non-calcium mix, HCl extraction was 
conducted directly on COM residue. The extractions are described in detail in Chapter 3. Spectrum 
analysis using WSolids and MestReNova was described also in Chapter 3. The peak width and 
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position for the geopolymer gel phase were based on the deconvolution of the 3-month geopolymer 
spectrum presented in Chapter 5.  
7.3 Results 
7.3.1 Setting behavior 
Setting was considerably shortened with calcium, as shown in penetration resistance and UWR 
curves for the calcium and non-calcium mixes Figure 7.2. For the non-calcium mix, the set time 
was 15-16 hours as shown here and also in Chapter 6. For the calcium mix, it was 50-70 minutes 
based on the penetration resistance (i.e., time corresponding to 2 MPa, which was assigned to 
initial set for cement paste (Suraneni et al. 2014)), and 80-100 minutes (corresponding to the same 
reflection coefficient as the non-calcium mix) based on UWR. UWR was found to be more 
sensitive to gelation, and penetration resistance to strength development (Suraneni et al. 2014). 
Here the two tests provided consistent setting times for the non-calcium mix but not for the calcium 
mix, suggesting the calcium mix involves greater strength development than the non-calcium mix 
during setting. Both penetration resistance results showed setting around the initiation of the rapid 
strength development, and therefore, we believe, are more reliable for comparison between the 
two mixes (set times of roughly 1 versus 15 hours) over the UWR results. The initial drop seen in 
the UWR curves is attributed to the formation of reaction product for the non-calcium mix as 
discussed in Chapter 6, and probably also for the calcium mix. 
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Figure 7.2. Penetration resistance and UWR curves of geopolymers with and without calcium (Ca 
and non-Ca, respectively). Results for the non-Ca mix are adopted from study in Chapter 6.  
7.3.2 Dissolution of metakaolin 
To understand why calcium accelerates set in this way, metakaolin dissolution was examined using 
solid-state 27Al NMR. The results are not quantitative with the lower field probe (7.04 T), but are 
valid for comparison. In Figure 7.3, each site of 4-, 5- and 6-coordinated Al was estimated and 
plotted with time. For both specimens, 4-coordinated Al increased while 5- and 6-coordinated Al 
decreased during dissolution, consistent with other studies (Duxson et al. 2005a, Provis and Van 
Deventer 2009). For the calcium mix, both dissolution rate and extent were promoted, indicated 
by the higher slope of the initial part of the 4-coordinated Al curve and the higher intensity at 
which the 4-coordinated Al curve leveled off, respectively. The initial amount of 4-coordinated Al 
(at 0.5 hour) was higher in the calcium mix, again indicating faster dissolution with calcium.  
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Figure 7.3. Percentage changes of 4-, 5- and 6-coordinated Al with time during dissolution as 
geopolymerization proceeded for calcium mix (open symbols) and non-calcium mix (filled 
symbols). Results for the non-calcium mix are adopted from study in Chapter 6.  
7.3.3 Formation of C-A-S-H and geopolymer gel 
Further tests using solid-state 29Si NMR were conducted to examine how product formation is 
altered by calcium. These tests were performed at the setting times for both mixes, 1 and 15 hours, 
and at one intermediate time, 6 hours. Combined extraction leaves unreacted metakaolin, 
geopolymer gel and, in mixtures containing calcium, C-A-S-H. These phases overlap in 29Si NMR 
spectra, all in the region -80 to -120 ppm (Duxson et al. 2005c, Puertas et al. 2011, Hunnicutt 
2013). SAM and HCl extractions therefore were used to achieve unambiguous peak assignments.  
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Deconvolution of 29Si NMR spectra was carried out. Figure 7.4 shows the spectra for the calcium 
mix at 15 hours after mixing, to demonstrate the deconvolution process. Spectrum of the HCl 
residue (top), expected as unreacted metakaolin, was deconvoluted to two peaks at -92.7 and -107 
ppm. They were tentatively assigned as Q4(0Al) and Q4(2Al), as metakaolin has been shown by 
others to contain framework silica (Q4) and aluminosilica (Q4(1Al) or Q4(2Al)) (Rocha and 
Klinowski 1990). Although tentative, these assignments did not affect our subsequent 
deconvolution. To deconvolute the SAM spectrum, the two peaks assigned to unreacted-
metakaolin were assumed to have the same width, position and relative intensity as observed in 
the HCl residue. Parameters of other peaks in the SAM residue were adopted from analysis of a 
mature geopolymer specimen. Similarly, for COM residue (bottom), peak parameters were used 
from the SAM residue. All additional peaks in the combined extraction residue were assigned to 
C-A-S-H using parameters obtained from analysis of synthesized C-A-S-H (Hunnicutt 2013). The 
peak position, width, height and intensity are summarized in Table 7.1. 
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Figure 7.4. Deconvolution of 29Si solid-state spectra of residues from combined (bottom), SAM 
(middle) and HCl (top) extractions for mix with calcium at 15 hours, showing peaks assigned to 
metakaolin (MK), C-A-S-H and geopolymer gel (GP). 
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Table 7.1. Summary of peak position, width, height and intensity for deconvolution in Figure 7.4. 
Phases ppm Height Width(Hz) Area phases 
MK -92.7 241.0 15.8 39635.2 MK 
-107.1 679.4 16.8 119083.1 MK 
GP -80.8 40.6 7.5 3165.1 Q4(4Al) 
-86.0 75.6 7.7 6025.5 Q4(3Al) 
-90.4 150.6 7.0 10978.8 Q4(2Al) 
-95.5 171.5 7.6 13579.1 Q4(1Al) 
-100.8 209.0 9.6 20849.4 Q4(0Al) 
C-(A)-S-H -79.6 215.8 2.1 4741.6 Q1(0Al) 
-81.5 234.5 1.9 4743.5 Q2p(1Al) 
-83.4 334.8 2.8 9682.5 Q2b(0Al) 
-85.7 395.9 2.7 11165.0 Q2p(0Al) 
-88.3 488.7 2.9 14701.1 Q3(1Al) 
-91.0 438.3 2.7 12305.4 Q3(0Al) 
-93.7 388.4 3.3 13479.6 Q4(2Al) 
-96.9 215.8 2.9 6490.7 Q4(1Al) 
 
The amount of each phase was estimated from the intensity of each peak. Results were plotted in 
Figure 7.5. The amount of geopolymer gel at set in molar percent of Si was 7.1% in the non-
calcium at set (15 hours) and 10.3% in the calcium mix (1 hour). This 10.3% should not be 
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contributed by C-A-S-H, because it can be totally dissolved in SAM extraction based on some 
additional results shown in Appendix F. Comparison here suggests that geopolymer gel by itself 
could have caused setting in the calcium mix. The amount of geopolymer gel at 1 and 6 hours was 
almost zero in the non-calcium mix and much higher in the calcium mix, indicating that calcium 
promoted geopolymer gel formation. Additionally, the amount of unreacted metakaolin decreased 
more rapidly with the addition of calcium, consistent with the 27Al NMR results and again 
supporting that calcium promoted its dissolution. 
 
Figure 7.5. Percentage of intensity (molar percentage of Si) associated with each phase in 29Si 
spectra for specimen with and without calcium as geopolymerization proceeds.  
There was one uncertainty regarding the peaks associated with the C-A-S-H phase. Peaks around 
-95 ppm were removed during SAM extraction and were therefore assigned to the C-A-S-H phase 
in the deconvolution shown in Figure 7.4. Peaks in this region are usually assigned to Q3 or to Q4 
with Al substitution (Engelhardt and Michel 1987) and are not seen in conventional C-A-S-H, 
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which has chain structures of Q1 and Q2. The Al in the C-A-S-H can promote a more connected 
structure with Q3 or even Q4 sites (Hunnicutt 2013), especially when carbonated (Sevelsted and 
Skibsted 2015), but the intensity of these peaks much exceeds our expectation. This uncertainty is 
discussed in Appendix G and is shown to not affect the later conclusions in the current study. 
Alternatively, these structures could be associated with a calcium-modified geopolymer gel (i.e., 
(Ca, Na)-A-S-H), which has been found to coexist with C-A-S-H but whose solubility in SAM is 
not known. If these peaks with high Q numbers were considered as geopolymer gel, there would 
be even more geopolymer gel at the investigated age. Regardless of this uncertainty, it is clear 
from our results geopolymer gel was formed more rapidly with the addition of calcium.  
7.3.4 Si/Al of geopolymer gel 
The Si/Al in the geopolymer gel was estimated from the intensity of each peak in the 29Si NMR 
spectra assigned to the gel. These peaks were all assigned to network Si sites with different 
chemical environments, Q4(0-4Al). Based on liquid-state 29Si NMR data presented in Chapter 6, 
Al preferentially condensed with Q3 and Q4 silicates to produce mainly Q4 aluminosilicate gel 
during early-age reaction. Any remaining low-Q species in liquid phase are removed by the 
combined extraction prior to the NMR tests. Intensities of the peaks of the gel in the 29Si NMR 
spectra were then used to estimate the Si/Al of the geopolymer framework based on Equation 2.1. 
Taking Figure 7.4 as an example, peaks at -80.8, -86.0, -90.4, -95.5, -100.8 ppm were assigned as 
Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al) and Q4(0Al), respectively. Substituting with intensity values 
in this equation, Si/Al in the geopolymer gel at this age was estimated to be 3.2. Other ratios for 
both mixes at selected times are shown in Figure 7.6 (at 1 and 6 hours for the non-calcium mix, 
the amount of geopolymer gel was not sufficient for accurate estimation).   
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Figure 7.6. Si/Al ratio of geopolymer gel in the calcium and non-calcium mixes at different times. 
In the calcium mix, the Si/Al ratio seemed to increase and then decrease over time. Apart from 
experiment errors, the increase could be associated with the fact that the dissolved Al was able to 
capture more Si as reaction proceeded, resulting in higher Si/Al at 6 hours than at the beginning 
of the reaction. Then as reaction proceeded further, the Si/Al decreased to approach the bulk ratio 
of 2. In the non-calcium mix, Si/Al of the geopolymer gel at 15 hours is somewhat lower. With 
limited Al, condensation is more likely to occur slowly between silicate species, which if not yet 
condensed to form a gel could have been dissolved in the combined extraction probably in a similar 
way as waterglass, leaving residue with low Si/Al ratio. This proposed mechanism explains the 
lower Si/Al ratio in the geopolymer gel in the non-calcium mix than in the calcium mix. This Al-
rich gel in the non-calcium mix became more Si-rich at 51 hours, which is consistent with the 
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conclusion from the liquid-state NMR results that at 15 hours Si species in solution began to attach 
to the previously formed aluminosilicates shown in Chapter 6. The Si/Al ratio of this gel then 
approached the bulk ratio of 2.0 at 19 days.  
7.4 Discussion 
7.4.1 Setting and gel formation 
Setting appears to be associated with the amount of geopolymer gel. A similar amount of 
geopolymer gel (i.e., 7.1% and 10.3% molar percent of Si in non-calcium and calcium mixes, 
respectively) was observed at set. In the calcium mix, geopolymer gel by itself seems to be 
sufficient to cause set. At the same time, the Si/Al of the geopolymer gel in the calcium mix was 
two times of the non-calcium mix at set, so gel composition does not appear to be a controlling 
factor.  
7.4.2 Si/Al estimation for geopolymerization  
In both the calcium and non-calcium mixes studied here, Si was highly concentrated in the 
activating solutions, and thus the amount of Al available for geopolymerization was a critical 
kinetics factor. The Si/Al in the geopolymer gel does not seem to correlate with the reaction 
kinetics. For direct comparison, the Si/Al ratios for geopolymerization in both the mixes were 
compared at different times to investigate the faster geopolymerization by calcium. These ratios 
were estimated based on all Si and Al from NMR tests minus that seen in unreacted metakaolin 
and in any C-A-S-H. Essentially, these ratios are based on Si and Al from solution and geopolymer 
gel, which are reactive at this intermediate stage. The results are summarized in Table 7.2, detailed 
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calculation procedures are presented in the following paragraphs and sample calculations for the 
6-hour specimens are shown in Appendix H. 
The Al available for geopolymer formation was estimated using quantitative solid-state 27Al NMR 
(measured using the higher-field probe) for the calcium mix. Because this is a rapid test, no 
substantial change in structure is expected. To estimate the total dissolved Al, the intensity percent 
of each Al site in non-extracted specimens was estimated and compared with results for the raw 
metakaolin to estimate the dissolution extent (i.e., the percent of Al that converted from 5- and 6- 
to 4-Al with respect to the total Al). To estimate the Al in C-A-S-H, the spectrum of each SAM 
residue was subtracted from the spectrum of the COM residue, and the percent 4-Al in the obtained 
spectrum with respect to the total Al in the COM residue was estimated. To estimate the Al for 
geopolymer formation, the Al in C-A-S-H was subtracted from the total dissolved Al. The results 
are summarized in Table 7.2.  
The Al for geopolymer formation was estimated for the non-calcium mix. In quantitative 27Al 
NMR tests (with the higher-field probe) for the non-calcium mix, intensity changes were seen at 
error level, indicating little or no Al dissolution and thus high Si/Al available for 
geopolymerization before set. Therefore, the lower-field results were used for the estimation, 
during which the dissolution extents (defined above) were estimated for both the calcium and non-
calcium mixes and a ratio of the extents was obtained at each selected time. Based on each ratio 
and the corresponding quantitative dissolution percentage for the calcium mix (from the higher 
field tests), dissolution extent (as defined before) in the non-calcium mix was calculated and are 
shown in Table 7.2. In Appendix G, uncertainty in the Si/Al estimation here is discussed and was 
found to not affect the conclusion regarding the Si/Al ratios for geopolymerization between both 
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the mixes. For comparison, the Al for geopolymer formation was also estimated by the high-field 
tests as shown in Appendix H. 
Table 7.2. Si and Al for geopolymer formation at the selected times for both the calcium and non-
calcium mixes. 
Time  
(hours) 
Si for GP formation Total dissolved Al 
Al for GP 
formation 
Si/Al for GP 
formation 
Ca Non-Ca Ca Non-Ca Ca Non-Ca Ca Non-Ca 
1 0.78 1.00 0.14 0.03 0.13 0.03 6.2 37.1 
6 0.72 1.00 0.29 0.13 0.25 0.13 2.9 7.9 
15 0.51 1.00 0.30 0.18 0.22 0.18 2.3 5.4 
 
The relative amounts of Si in each of the unreacted metakaolin, geopolymer gel and/or C-A-S-H 
are shown in Figure 7.5. In each sample (with and without calcium), 1 mole of Si was from the 
sodium silicate solution, and another 1 mole of Si was from metakaolin. At the early ages, 
dissolution of Si from metakaolin is expected to be minimum, i.e., most of the 1 mole Si remains 
in the unreacted metakaolin. This assumption is regarded as reasonable, as Si is believed to be 
released more slowly than Al on dissolution of metakaolin (Weng and Sagoe-Crentsil 2007, Provis 
and Van Deventer 2009), probably because, as shown by thermodynamic calculation, Al-O-Si 
bonds are more readily broken than Si-O-Si bonds (Hamilton et al. 2001). For the non-calcium 
mix, Si to form geopolymer gel was 1 mole. For the calcium mix, this amount was 1 mole 
subtracted by that in C-A-S-H. In the calcium mix at 15 hours, for example, the absolute amount 
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of Si in C-A-S-H was estimated to be 0.49 mole. Therefore, the Si for geopolymer gel formation 
is 0.51 mole. This and other such estimates are summarized in Table 7.2.  
The Si/Al ratio for geopolymer formation in the non-calcium mix is higher than in the calcium mix 
at all ages in Table 7.2, with the largest difference at 1 hour when the calcium mix sets. When 
assuming congruent dissolution (i.e., the same moles of Si releases as Al, contrary to this current 
assumption), Si/Al for geopolymer formation at 1 hour, for example, were estimated to be 7.3 and 
34.3 for the calcium and non-calcium mixes, respectively. Sample calculations when assuming 
congruent dissolution are shown in Appendix H. This substantial difference is consistent with the 
current estimation (as shown in Table 7.2). Discussion in this subsection thus indicates the 
enhanced dissolution of metakaolin by calcium produced a lower Si/Al for geopolymer gel 
formation.  
7.4.3 Si/Al and geopolymerization kinetics 
This subsection aims to examine how a lower Si/Al for geopolymer gel formation would affect its 
kinetics. Literature review indicates a lower Si/Al results in a faster rate. Additional experiments 
are shown and indicate this effect can be substantial. 
Based on literature, lower Si/Al for geopolymer gel formation promotes its rate. Higher amounts 
of Al were found to shorten the setting time (Silva et al. 2007) and to accelerate reaction kinetics 
(Fernández-Jiménez et al. 2006b). When more Al is available for reaction, condensation between 
aluminate and silicate species is more likely; but when more Si is available for reaction, 
condensation between silicate species is more likely. Based on partial charge modeling, the 
condensation reaction has been shown to occur more rapidly in the presence of aluminate species 
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than in the absence, because the positive partial charge of the Al atom is higher than that of the Si 
atom under the same pH condition (Weng et al. 2005).  
Above literature review also explains the different reaction sequence for geopolymer formation 
between the two mixes. In the non-calcium mix, with higher Si/Al thus involving more Si-O-Si 
bond formation, geopolymer formation process is slower. A few steps were identified in Chapter 
6: aluminosilicate oligomers form; oligomers become larger structural units; and silicates in sol 
attach to these units. In the calcium mix, with lower Si/Al, more geopolymer gel (stable during 
combined extraction) formed in the first hour, even more than that at 15 hours in the non-calcium 
mix (Figure 7.5). Low Si/Al ratio in the calcium mix enhances reaction rate such that the slow 
step-by-step condensation process is not observed, as also supported by liquid-state 29Si NMR 
results shown in Appendix I. This difference in reaction sequence might be responsible for the 
greater strength development at set by calcium shown earlier. 
Some additional experiments were conducted aiming to find out if this difference in Si/Al is 
sufficient to cause such substantially different rate of geopolymer formation. The sol-gel procedure 
was followed to synthesize geopolymer gel (i.e. N-A-S-H gel) (Garcia-Lodeiro et al. 2010). Three 
solutions were prepared: 0.2-M sodium silicate, 0.1-M aluminum nitrate and 10-M NaOH. They 
were mixed to achieve Si/Al at 2, 5, 10 and 30 by keeping Si constant but varying volume of the 
aluminum nitrate solution, and to keep the pH at around 12.5 by regulating with the NaOH solution. 
With Si/Al at 2, precipitation was observed in around 2 minutes after mixing, and the precipitate 
was found to be aluminosilicates by FTIR tests as shown in Appendix J. However, mixtures with 
Si/Al at 5 or above remained clear for more than 12 hours. Changing Si/Al from 2 to 5 resulted in 
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significantly delayed precipitation time. There seemed to be a threshold of Si/Al below which 
precipitation occurs rapidly.  
Suggested from these experiments, lower Si/Al for geopolymer formation with calcium is expected 
to cause such different setting times (1 versus 15 hours). At set for the calcium and non-calcium 
mixes, Si/Al for geopolymer gel formation was 6.2 and 5.4, respectively. The threshold for 
precipitation seems to occur at Si/Al around 5 or 6. In the non-calcium mix, the ratio was 37.1 at 
1 hour, well above the threshold; more geopolymer gel formed and set occurred only when Si/Al 
reached this threshold at 15 hours.  
7.4.4  Enhanced dissolution by calcium 
From above discussion, the enhanced dissolution lowers Si/Al ratio for geopolymer gel formation, 
and then increases the rate, causing faster setting. It would be interesting to investigate in more 
detail how the dissolution is enhanced by calcium.  
Calcium interacts with the mix by reacting with Si in solution to form C-A-S-H. Varying Si 
concentration might provide insight into the acceleration effects by calcium. Here mixes without 
any external Si (i.e., Si only from the metakaolin) were tested using the higher field NMR probe. 
These mixes (expressed as CaO:Na2O:Al2O3:SiO2:H2O) were 0:1:1:2:11 and 0.4:1:1:2:12.1, which 
are named as “non-calcium-NaOH” and “calcium-NaOH”, respectively. A typical spectrum of the 
NaOH mix without calcium is found in Appendix E and discussed in Chapter 6. To estimate the 
dissolution extent of both the NaOH mixes, percent for the sum of aqueous and solid 4-coordinated 
Al peaks is plotted in Figure 7.7. For comparison, the specimens with external Si (i.e., same as 
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those in Figure 7.3) were tested and the 4-coordinated Al was measured, also using the higher field 
probe. 
 
Figure 7.7. Percent of 4-coordinated Al sites in NaOH and external-Si mixes at different times by 
the quantitative 27Al spectroscopy.  
Non-calcium NaOH mix (open triangle) shows much higher 4-coordinated Al percent than the 
non-calcium mix with external Si (filled triangle), as shown in Figure 7.7. This phenomenon, as 
discussed in Chapter 6, is attributed to the formation of a protective layer of solid aluminosilicate 
product on the metakaolin surface (Feng et al. 2004, Provis et al. 2005, White et al. 2011b, White 
et al. 2012, Favier et al. 2013), which is thought to be more likely in Si-rich mixes than hydroxide-
activated ones.  
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Further examination of Figure 7.7 indicates calcium did not increase the dissolution extent in the 
two NaOH mixes as substantially as the external-Si mixes (i.e., the two lines with empty symbols 
are closer to each other, while the two lines with filled symbols show much greater difference). In 
the two NaOH mixes (open symbols), percent of the 4-coordinated Al is almost the same at 3 and 
12 hours and is up to 8% higher with calcium later; in the external-Si mixes (filled symbols), the 
percent remains different (around 10%) at all tested times and is up to 13% higher with calcium. 
This difference could also be explained by the proposed protective-layer mechanism. In the 
external-Si mixes, calcium reduces Si in solution so a protective layer is less likely to form and 
thus dissolution is likely to be enhanced. In the NaOH mixes, Si concentration is too low at early 
ages, and so is its change by calcium. At later ages, more Si is in solution with dissolution and 
calcium would lower its concentration, and this change explains the increasingly enhanced 
dissolution by calcium from 12 to 28 hours. 
White et al. (2011b) claimed the higher dissolution rate in their hydroxide-activated mix compared 
to their external-Si mix was due to the higher pH. In the current study, initial pH in the NaOH 
mixes would also be higher than the external-Si mixes. However, difference in pH does not explain 
difference in dissolution extent: from 12 to around 25 hours, non-calcium NaOH mix (open 
triangle) shows consistently 25% higher in 4-coordinated Al than the non-calcium mix (filled 
triangle) in Figure 7.7. Also pH does not explain the progressively increasing difference between 
the non-calcium NaOH (open triangle) and calcium NaOH (open square) mixes starting from 12 
hours.  
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7.4.5 Further insight on setting 
Analysis suggests C-(A)-S-H is not directly involved in setting. In general, gel that forms on the 
particle surface more effectively leads to setting than gel that randomly forms in the aqueous phase, 
because gel on the surface links the particles even when a substantial amount of aqueous phase is 
present, whereas randomly distributed gel must fill most of the initial non-solid space to establish 
percolation. In the calcium mix, C-(A)-S-H is expected to form from the aqueous phase upon 
contact of calcium and silicate ions (both abundant in liquid in the current mix) at such high pH. 
In cement setting, the hydration extent from calorimetry tests was below 1% at set for mixes with 
various water/solid ratios (Jiang et al. 1995), suggesting very little gel on the surfaces of cement 
particles could cause setting. In this study, the C-A-S-H observed at set (16% as molar percent of 
Si, an observation not straightforward for direct comparison) suggests it is not directly contributing 
to setting. This reason and the observation above that the amount of geopolymer gel at set is 
comparable both with and without calcium suggest that geopolymer gel is sufficient to cause 
setting. Nonetheless, the C-A-S-H would undoubtedly increase strength once a percolation 
network is established (right after set point), as seen from the higher slope of the penetration curves 
for the calcium mix compared to the non-calcium mix in Figure 7.2.   
7.5 Conclusions 
Calcium was confirmed to substantially accelerate setting of metakaolin geopolymers. To the best 
of our knowledge, this study is the first attempt to systematically investigate the reason behind this 
effect. NMR tests were carried out to examine the dissolution and product formation for both 
calcium and non-calcium mixes (with external Si).  
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The promotion of geopolymer gel formation by calcium appears to be associated with the faster 
setting. Comparable amount of geopolymer gel was observed at set for both the calcium and non-
calcium mixes based on the NMR tests, suggesting the geopolymer gel is sufficient to cause set. 
Although C-A-S-H was observed in the calcium mix, no evidence indicated that it is directly 
involved in setting.  
Faster geopolymer gel formation was caused by faster dissolution. Faster dissolution yielded more 
Al and lowered the Si/Al for geopolymer gel formation as confirmed by quantitative analysis using 
both 29Si and 27Al NMR spectroscopy. This lower Si/Al ratio is considered to be sufficient to cause 
the significantly different setting behavior, based on validation experiments and literature.  
The protective-layer mechanism explains the promoted dissolution by calcium. Calcium consumes 
Si in the solution, and a protective layer is less likely to form on the metakaolin particles, thus less 
inhibiting the dissolution. This proposal is consistent with the indirect experimental and simulation 
results from literature and is supported by additional evidence from NaOH activated metakaolin 
specimens.   
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Chapter 8. Reaction extent and strength of geopolymers after set  
8.1 Introduction 
In silicate-activated metakaolin containing no Ca, for example, all Al is from metakaolin, and a 
low reaction extent would result in a high Si/Al in solution available for geopolymer formation 
and thus the high ratio in the geopolymer gel. Both reaction extent and the Si/Al of geopolymer 
gel influence the mechanical properties and these effects have not been separated in literature. It 
is interesting to establish relationship between reaction extent and mechanical properties for these 
non-Ca mixes. 
In Chapter 7, Ca was seen to enhance the dissolution kinetics of metakaolin, and the enhanced 
dissolution was seen to play a critical role to control the reaction kinetics for geopolymer formation 
and to accelerate setting. It would be interesting to examine how Ca influences the reaction extent 
at later ages (i.e., after set), and how it influences the mechanical properties.  
If not fully reacted, the specimen can be essentially regarded as a matrix of geopolymer gel 
embedded with some unreacted metakaolin particles. Reaction extent of the geopolymers, in this 
study defined as the percent (either molar or weight) of unreacted metakaolin in the specimen, 
determines relative amount and composition of each phase. Quantification of the reaction extent 
however does not seem to be straightforward. Techniques including acid extraction, calorimetry, 
FTIR, NMR, AC-impedance spectroscopy, EDS- and XRD-related techniques and computer 
modelling have been used to examine the dissolution of the precursor and the formation of 
intermediate and final amorphous geopolymer products, as reviewed in a study by Williams et al. 
(2011). The solid-state 29Si NMR spectroscopy seems to be a promising technique for 
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quantification. It has been shown to successfully quantify the composition of the framework in 
fully (or close to fully) reacted metakaolin geopolymers (Duxson et al. 2005c) rather than SEM-
EDS in which the bulk composition is obtained (Rowles and O'Connor 2009). It should be noted 
that quantitative deconvolution of 29Si NMR spectroscopy is not as straightforward when the 
specimen is not fully reacted, as discussed in Chapter 5.  
The correlation between reaction extent and compressive strength has not been established 
experimentally. The unreacted phases have been proposed to serve as defect sites, while Si/Al ratio 
in geopolymer gel has been found to greatly influence Young’s modulus and compressive strength 
(Duxson et al. 2005b). However, their contribution to strength has not been separated. In the study 
by Williams et al. (2011), the relative amount of unreacted metakaolin was inversely correlated 
with the mechanical strength, however the authors attributed this difference in strength mainly to 
the changes in the Si/Al ratio of the geopolymer gel. In their low-strength mixes, substantial 
amount of Si was added as sodium silicate solution, and a very high Si/Al ratio in solution for 
geopolymer formation was expected when little metakaolin participated in reaction (i.e., low 
reaction extent). Therefore, it is not straightforward to distinguish the effects of reaction extent 
and the Si/Al ratio of the gel on the strength.  
The geopolymer reaction extent can be controlled by the ratio of charge-balancing cations and Al 
ions, for example by the Na/Al ratio in the case of Na-based geopolymers. During the structural 
formation process, the alkaline cations participate in the reaction to balance the charges induced 
by the incorporation of Al (Duxson et al. 2005a). Insufficient amount of Na would result in 
incomplete incorporation of Al into the geopolymer framework. By varying Na/Al ratio, the 
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reaction extent could be controlled and be correlated with the strength independent of the Si/Al 
ratios.   
With the addition of Ca, the structures of the specimens are altered. In these mixes, C-(A)-S-H 
phase is present in addition to the geopolymer phase and the unreacted metakaolin (Yip and van 
Deventer 2003). Unlike the two-dimensional chain-like C-S-H or somewhat more polymerized C-
A-S-H, the structure of geopolymers is a three-dimensional network (Li et al. 2010).  
The structure of geopolymers with Ca has not been well correlated with the mechanical properties. 
In one study, the higher strength with addition of Ca was tentatively attributed to filling of voids 
and gaps within geopolymer binder by the C-A-S-H gel (Yip et al. 2005). In another study, 
insufficient development of three-dimensional geopolymeric network was proposed to explain the 
decreased strength in Ca-geopolymers when cured at elevated temperature (Temuujin et al. 2009). 
In the same study, strength has been found to increase with addition of Ca at room temperature, 
attributed to the precipitation of C-A-S-H and enhanced dissolution of the precursor (Temuujin et 
al. 2009), but no experimental validation was presented. In the presence of limestone, the 
dissolution of Si and Al from metakaolin by alkaline leaching was reduced at early age (during 
first few hours) but enhanced later (after 20 hours), behavior that was believed to be controlled by 
equilibrium solubility of the Si, Al and Ca species (Cwirzen et al. 2014). In the presence of calcium 
hydroxide, dissolution of the metakaolin precursor in terms of rate and extent has been found to 
be enhanced around setting, supported by the solid-state 27Al NMR results presented in Chapter 7. 
It would be interesting to study how the addition of calcium influences the reaction extent at a 
relatively later age and thus the mechanical strength.   
136 
 
The objectives of the study here were to confirm if the Na/Al ratio controls the reaction extent, 
and to correlate the reaction extent with the mechanical properties in non-Ca mixes; and to examine 
the effects of Ca on the reaction extent and to correlate with the mechanical properties. By 
establishing the composition-structure-property relationships, mixes with better structures and 
mechanical performance could be designed. Effects of Ca on the reaction extent provide insight 
into structures of geopolymers with addition of Ca, as well as similar systems such as hybrid 
cement, both of which represent the future of sustainable construction materials (Shi et al. 2011, 
Provis et al. 2015).  
In this chapter, the NMR and compressive strength data were collected by Kim (2012). But this 
NMR data were analyzed and validated differently and yielded different amount and composition 
of phases in the specimens, and these quantitative results were correlated with the compressive 
strength data. 
8.2 Experimental methods 
To synthesize geopolymers, a commercial sodium silicate solution, metakaolin and water were 
used as raw materials as described in Chapter 3. Different from those in previous chapters, mixes 
with different Na/Al ratio and with varying calcium content were designed as summarized in Table 
8.1. Mixes 1-5 do not contain any Ca. By varying the Na/Al ratios, specimens with different 
reaction extent, being independent of Si/Al of the mix, were expected. Si/Al ratio of these mixes 
varied within a range of 1.1 to 1.5, much narrower as compared with mixes studied by Williams 
et al. (2011), aiming to examine if small changes in Si/Al would still predominantly affect the 
mechanical properties over the reaction extent. In Mixes 6-8, different amount of Ca was added, 
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with Ca/Si up to 0.15. The amount of each raw material for a batch of each mix is summarized in 
Appendix K. The synthesizing procedure is described in Chapter 3.  
Table 8.1. Composition of mixtures presented in this chapter.  
Mix number Na/Al Si/Al H2O/Na2O Ca/Si 
1 0.54 1.10 20 0 
2 0.59 1.20 20 0 
3 0.64 1.30 20 0 
4 0.55 1.35 20 0 
5 0.74 1.50 20 0 
6 0.74 1.50 20 0.05 
7 0.74 1.50 20 0.10 
8 0.74 1.50 20 0.15 
Right after mixing, each specimens were placed in the 50 x 50 x50 mm plastic cube molds in two 
layers. Once filled in molds, all specimens were vibrated for around 30 seconds to achieve good 
consolidation. Specimens were stored in the curing room with 25oC temperature and 100% 
humidity for around 3 hours and then were placed into an oven at 60oC at ambient humidity and 
pressure for 2 hours. After the heat treatment, they were put back to the curing room and demolded 
at around 24 hours after mixing. The compressive tests were conducted at 7 days after mixing.  
To understand the composition-structure-strength relationship for geopolymers with and without 
Ca, NMR and compressive tests were carried out at 7 days after mixing. Compressive tests were 
conducted in accordance with ASTM C109: Standard Test Method for Compressive Strength of 
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Hydraulic Cement Mortars. Solid-state 29Si NMR tests were conducted using a Varian Unity Inova 
spectrometer with magnetic field of 7.04 T at a resonance frequency of 59.6 MHz. A 4-mm probe 
was used. Recycle delay and number of scans were 30 seconds and 2048, respectively. Prior to the 
29Si NMR testing, grounded samples were solvent extracted to stop hydration, as developed in 
Chapter 4. For non-Ca mixes, HCl extractions (Granizo et al. 2002, Palomo et al. 2004) were 
conducted to remove any geopolymer gel. For Ca-mixes, methanol-salicylic acid (SAM) 
extractions were carried out to remove any C-A-S-H phase prior to the HCl extractions. Procedure 
for both extractions were described in detail in Chapter 3. Residues from these extractions were 
also tested using the 29Si NMR tests for unambiguous peak assignment of each phase. The amount 
and Si/Al ratio of the geopolymer gel were calculated based on intensity of the deconvoluted peaks.  
8.3 Results and discussion 
8.3.1 Non-Ca mixes 
8.3.1.1 Structural quantification by NMR tests 
Reaction extent was estimated by deconvolution of the 29Si NMR spectra. The solid-state 29Si 
NMR spectrum in Figure 8.1 is typical for the non-Ca mixes. The spectrum was deconvoluted to 
peaks in blue and magenta colors, attributed to unreacted metakaolin and geopolymer gel phases, 
respectively. During deconvolution, peaks for unreacted metakaolin were determined prior to those 
for geopolymer gel. Intensity at -110 to -120 pm is contributed only by unreacted metakaolin, as 
little intensity in this region was seen in fully (or nearly fully) reacted metakaolin geopolymers 
(Duxson et al. 2005c). The same widths and relative intensities of peaks were applied to 
deconvolute the unreacted metakaolin. The remaining part of the spectrum was attributed to 
geopolymer phase and was deconvoluted by adding additional peaks (magenta). The widths and 
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positions of these peaks were kept close to those from deconvolution of the mature geopolymer 
(in Figure 5.3 in Chapter 5), with fine adjustments to ensure good fitting.  
 
Figure 8.1. Deconvolution of the 29Si NMR spectrum of the Mix 5 with Si/Al of 1.5. Black curve 
is the experimental spectrum, and deconvoluted peaks in magenta and blue colors are assigned to 
geopolymer and unreacted metakaolin phases, respectively.  
Based on known ranges for sites with different Al substitution, these peaks for geopolymer gel at 
-80, -87, -91, -95 and -101 were assigned to Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al) and Q4(0Al), 
respectively. With the intensity value for each peak, the Si/Al ratio of the geopolymer gel was 
estimated using Equation 2.1. Similar analysis was conducted for all the other non-Ca mixes. The 
Si/Al ratio in the geopolymer gel and the percentage of Si in the unreacted metakaolin for each 
mix are summarized in Table 8.2.  
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Table 8.2.  Percentages of Si in each phase and Si/Al of geopolymer gel from the deconvolution 
of the 29Si NMR spectra.  
Mix 
No. 
Mix design Results from NMR deconvolution Si/Al in 
unreacted 
MK 
Estimated 
MK 
(wt %) 
Na/Al Si/Al Si/Al in 
GP gel 
Unreacted MK 
(Si, mol%) 
GP gel (Si, 
mol%) 
1 0.54 1.10 1.40 57.7% 42.3% 0.95 56.7% 
2 0.59 1.20 1.64 50.1% 49.9% 0.95 51.0% 
3 0.64 1.30 1.77 45.3% 54.7% 0.98 46.5% 
4 0.55 1.35 1.64 50.1% 49.9% 1.15 48.8% 
5 0.74 1.50 1.69 33.3% 66.7% 1.22 31.9% 
 
The Si/Al of the unreacted metakaolin was calculated and shown in Table 8.2, by considering the 
consistent overall Si/Al before and after geopolymer reaction. Additionally, the weight percent of 
each phase was calculated by following the following procedures. By assuming the total amount 
of Si in each mix is 1.0 mole, the amount of Si in metakaolin and geopolymer gel were calculated. 
To estimate weights for the phases, formulas were assumed to be (SiO2)2m·(Al2O3) for the HCl 
residue with m being the Si/Al ratio of the unreacted metakaolin and assumed to be 
(SiO2)2n·(Al2O3)·(Na2O) for the geopolymer gel with n being the Si/Al ratio of gel. The weight 
percent of unreacted metakaolin with respect to the sum of unreacted metakaolin and geopolymer 
gel was calculated for each mix, as shown in Table 8.2. 
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8.3.1.2 Validation of structural quantification 
To validate the reaction extent from the NMR analysis, HCl extraction and theoretical estimation 
based on Na/Al ratio were conducted. The weight percent of unreacted metakaolin with respect to 
the whole specimen was calculated from HCl extraction. In the theoretical estimation, the amount 
of reacted Al was estimated when all Na participates in geopolymer formation, as each Na ion 
balances the framework charge produced by each Al. By assuming the same moles of Si and Al 
were released in dissolution, the weight percentage of the unreacted metakaolin was calculated. 
This assumption may not allow an accurate estimation of the percent but would provide a reliable 
trend by comparing the different mixes. A sample calculation is presented in Appendix K.  
Weight percentages of unreacted metakaolin from the three independent tests were plotted versus 
Na/Al in Figure 8.2. Trend lines were added for each set of data, and all show a decreasing linear 
relationship with Na/Al, suggesting NMR deconvolution yielded reasonable trend of reaction 
extent as Na/Al ratio changed. The lowest amounts of unreacted metakaolin from the theoretical 
estimation among all the three independent tests is expected, because this estimation assumes 
maximum reaction extent (i.e., all Na participated in geopolymer formation). The lower values 
from HCl extraction than those from the NMR analysis are also expected. In estimation from the 
NMR analysis, no water in the geopolymer gel is assumed when calculating its weight whereas a 
significant amount of water should be present in these non-extracted specimens (similar analysis 
in Chapter 5 was for extracted specimens). This assumption results in a lower weight percent of 
geopolymer gel and thus a higher percent of unreacted metakaolin. 
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Figure 8.2. Weight percentages of unreacted metakaolin from NMR analysis, HCl extraction and 
Na/Al based theoretical estimation at different Na/Al ratios. 
8.3.1.3 Structures and compressive strength 
The compressive strength was plotted versus the Si/Al of the geopolymer gel and the Si (mol%) 
in unreacted metakaolin and best fit lines were added as shown in Figure 8.3. The Mix 1 was 
excluded, as it showed extremely low workability and its strength is considered unreliable. By 
comparing the coefficients of determination (R2), the compressive strength was seen to correlate 
with the amount of Si in the unreacted metakaolin (Figure 8.3b) rather than with the Si/Al in the 
geopolymer gel (Figure 8.3a). 
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Figure 8.3. Compressive versus Si/Al of geopolymer gel (a) and versus molar percentage of Si in 
unreacted metakaolin (b).  
(a) 
(b) 
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Study here extended substantially the investigation by Kim (2012). In his work, the compressive 
strengths were plotted with the bulk Si/Al ratios of the mixes. In this study, the strengths were 
analyzed at fundamental level by correlating with the essential structural parameters including the 
reaction extent and the geopolymer gel compositions.  
The reaction extent and Si/Al of the geopolymer gel are generally linked with each other in 
geopolymer mixes with silicate-containing activating solution, as discussed in the Introduction. 
Effects of both factors on strength have not been separated. In the study by Williams et al. (2011), 
for example, the mix with compressive strength of 3.1 MPa showed a Si/Al ratio of 21 in the 
geopolymer gel. In this mix, very little Al was released to the highly Si-concentrated activating 
solution. Both the extremely high Si/Al of the gel and the low reaction are expected to decrease 
the strength of the mix. The authors attributed the low strength only to the high Si/Al ratio 
(Williams et al. 2011), probably because of the Si/Al was extremely high as compared to the ratio 
(around 2.0) for optimum strength (Duxson et al. 2005b).  
This study was able to separate the effects of the reaction extent and the Si/Al ratio of the 
geopolymer gel. The reaction extent was controlled independent of the Si/Al ratio by varying the 
Na/Al ratio. Additionally, the bulk Si/Al ratio was not higher than 1.5, and thus the Si/Al ratio in 
solution during reaction was not extremely high even at a low reaction extent. Results in Figure 
8.3 indicate the reaction extent controlled the compressive strength when the Si/Al ratios of the 
geopolymer gel vary between 1.6 and 1.8, a relative narrow range. 
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8.3.2 Ca mixes 
8.3.2.1 Ca content and reaction extent 
The 29Si NMR tests were conducted for mixes with varying amount of Ca. As an example, the 
spectra for mix with Ca/Si of 0.15 are shown in Figure 8.4. The geopolymer specimen was 
extracted using SAM extraction to remove the C-A-S-H phase, and the residue was further 
extracted using HCl extraction to remove the geopolymer gel phase. The Figures 8.4 (a-c) show 
spectra of the HCl residue, SAM residue and the specimen before extraction. The spectrum of the 
HCl residue was deconvoluted to two peaks, both assigned to unreacted metakaolin. Peaks with 
the same width, position and the relative intensity as these two were used to represent the unreacted 
metakaolin in the SAM residue. Peaks with similar widths and positions to those for non-Ca 
specimens were used to represent the geopolymer gel phase, with fine adjustment to enable good 
fitting. Additional peaks were introduced to represent the C-A-S-H phase, according to 
deconvolution of synthesized C-A-S-H (Hunnicutt 2013).  
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Figure 8.4. Deconvolution of 29Si NMR spectra of HCl (a) and SAM (b) residues and the specimen 
extracted by solvent (c) for the Ca-mix with Ca/Si of 0.15 and Si/Al of 1.5. Black curve is the 
experimental spectrum, and deconvoluted peaks in magenta, green and blue colors are assigned to 
geopolymer, C-A-S-H and unreacted metakaolin phases, respectively. 
Based on the deconvolution, the molar percentages of C-A-S-H, geopolymer gel and metakaolin 
were estimated to be 45.8%, 34.2% and 20.0%, respectively. The five peaks for geopolymers at -
(b) 
(a) 
(c) 
MK 
GP 
C-(A)-S-H 
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81.5, -84.9, -90.1, -95.8 and -102.1 ppm were assigned to Q4(4Al), Q4(3Al), Q4(2Al), Q4(1Al) and 
Q4(0Al), respectively. The Si/Al of the geopolymer gel was calculated to be 1.85, higher than the 
1.61 estimated for the non-Ca mix. In the current study, the Si/Al in the C-A-S-H was estimated 
to be 1.5, by assuming constant bulk Si/Al ratio before and after reaction. This Si/Al ratio is lower 
than 5, the lower boundary of Si/Al believed for conventional C-A-S-H gel with chain structures 
(Myers et al. 2015). However, it is in the range between 1.2 to 10.0, the range for a calcium 
modified geopolymer gel, i.e., (Ca, Na)-A-S-H, with three-dimensional structures (Garcia-Lodeiro 
et al. 2011). Though the SAM solubility of this phase is unknown, it might be removed by the 
SAM extraction together with some conventional C-A-S-H with chain structures. Then the 
geopolymer gel (N-A-S-H) was removed by further HCl extraction. 
In addition to the change in Si/Al ratio, the presence of Ca also affected the reaction extent of the 
specimens. Figure 8.5 shows the superimposed NMR spectra of the geopolymer specimens with 
addition of different amounts of Ca. The region from -110 to -120 ppm (as circled) only belongs 
to the metakaolin. In this figure, the relative intensity in this region is lower in mixes with Ca/Si 
of 0.10 and 0.15 than mixes with lower Ca contents. This difference indicates the reaction extent 
was increased with addition of Ca.  
To be more quantitative, the percent of unreacted metakaolin in terms of molar percentage of Si 
was estimated by deconvolution of each spectrum and was plotted and best fit line was added in 
Figure 8.6. The enhanced reaction extent with Ca is consistent with the results in Chapter 7 at 
earlier ages during geopolymerization and also studies by others. Chapter 7 confirmed the 
dissolution of metakaolin was faster and its extent was higher with addition of Ca before and 
around setting. It was proposed that addition of calcium consumes Si in solution and further 
148 
 
enhances dissolution kinetics. In systems with low amount of Si in solution or those activated by 
hydroxide solution, the hydrolysis of the strained Al could lead to some degree of exfoliation of 
the structure and thus expose more layers for further dissolution, as proposed by White and 
colleagues (White et al. 2011b). Additionally, in a study by Temuujin et al. (2009), a faster 
dissolution by the addition of Ca was proposed, because the pH is believed to be locally increased 
with the consumption of H2O by the formation of C-A-S-H (Temuujin et al. 2009).  
 
Figure 8.5. NMR spectra of geopolymers at 7 days with different amounts of Ca.  
Ca/Si=0.00  
Ca/Si=0.05 
Ca/Si=0.15 
Ca/Si=0.10 
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Figure 8.6. Reaction extent in term of mol% of Si in unreacted metakaolin for geopolymers with 
different Ca/Si ratios at 7 days. 
8.3.2.2 Reaction extent and compressive strength 
Compressive strength was plotted versus the reaction extent for mixes with different amount of Ca 
in Figure 8.7. As shown in this figure, mixes with Ca/Si below or equal to 0.10 show a strong 
linear relationship between compressive strength versus the molar percentage of Si in the unreacted 
metakaolin. The coefficient of determination (R2) of the best fit line is larger than 0.99. It should 
be noted that the mix with Ca/Si of 0.15 showed a low workability, which is believed to cause such 
an extremely low compressive strength and was not included in the regression analysis.  
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Figure 8.7. Compressive strength of Ca-mixes at 7 days versus unreacted metakaolin. 
8.4 Conclusions 
This study aimed to establish the composition-structure-strength relationship for metakaolin 
geopolymers with and without Ca. Reaction extent was quantified using solid-state 29Si NMR. 
This quantification was found to be consistent with HCl extraction and theoretical estimation based 
on Na/Al ratio in the mix, and it was validated by the bulk Si/Al ratio in the mix. The Na/Al ratio 
greatly influenced the reaction extent. Ca increased the reaction extent. For both non-Ca and Ca 
mixes, reaction extent was linearly correlated with compressive strength. In addition to 
establishing the composition-structure-strength relationship, this study presented a method to 
quantify geopolymer structures.  
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Chapter 9. Conclusions  
To use geopolymers in construction, the setting behavior needs to be well understood and 
controlled. Calcium has been seen to strongly speed up setting. The objectives of this study were 
to understand setting at nanostructural level for both non-calcium and calcium mixes. To begin 
with, it was necessary to stop the geopolymer formation prior to NMR characterization. Then the 
nanostructural evolution was examined and correlated with setting for both the mixes. Finally, the 
effects of calcium on properties and structures at a later age were investigated.  
Extraction methods were developed to stop geopolymer formation.  
1. In a preliminary extraction using methanol/acetone solvent, dissolution was stopped 
but condensation continued as indicated by the MAS NMR tests. This observation 
suggests extraction used in many papers to stop geopolymerization is ineffective if the 
solvent amount not well controlled.  
2. A controlled protocol for solvent extraction using methanol and acetone was developed 
and shown to suspend reaction up to 53 hours. For early-age specimens, soluble species 
precipitated during this treatment, confounding the NMR interpretation of geopolymer 
gel structure. Therefore, this protocol is suitable only for more mature geopolymers. 
3. To avoid confounding effects noted above, a combination of water and the solvent 
extraction removed the soluble silicates that would otherwise precipitate upon solvent 
extraction and thereby stopped reaction. 
4. This combined extraction either before or a few hours after set was found to stop 
geopolymer reaction for at least one week for specimens both with and without calcium.  
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Protocol was developed to quantify structures of geopolymers. 
1. The Si/Al ratio of a natural zeolite based on relative intensities of deconvoluted peaks 
of the 29Si MAS NMR spectrum, when peaks are appropriately assigned, was consistent 
with the bulk Si/Al ratio. 
2. The Si/Al ratio of a mature geopolymer specimen based on relative intensities of 
deconvoluted peaks of the 29Si MAS NMR spectrum was consistent with its bulk ratio. 
3. For earlier-age specimens (51 hours and 19 days), combined extraction (as noted above) 
and HCl extraction were used to stop the geopolymer reaction and to separate phases, 
respectively. By analyzing the 29Si MAS NMR spectra of these residues, the Si/Al ratio 
and the amount (molar percent of Si) of geopolymer gel were estimated. The amount 
of the geopolymer gel was higher and its Si/Al ratio was lower in the 19-day specimen 
than in the 51 hour-specimen. 
4. The Si/Al ratios from NMR deconvolution were consistent with those from intensity 
analysis of NMR tests, during which the moles of Si and Al were estimated by 
comparing spectrum intensity with control specimens of known composition. 
5. Weight percent of each phase was estimated from the NMR results by assigning a 
corresponding reasonable compositional formula, and was consistent with the recorded 
weights of extraction residues.  
For geopolymer without calcium, setting was shown to be a percolation process. 
1. Both UWR and penetration resistance tests showed setting time around 15 hours for 
the geopolymer mix 1Na2O·1Al2O3·4SiO2·11H2O. 
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2. The Al dissolution, characterized by conversion of 5- and 6- to 4-coordinated aluminum, 
proceeded fast upon mixing until 10 hours, then slowed down and became 
immeasurable from 15 hours.  
3. Based on liquid-state 29Si NMR tests, the Q4 silicate peak was broader than others, 
suggesting the Q4 molecules were larger and less mobile than the lower-Q species; the 
ratio of Q4/Q3 increased progressively with time, indicating species kept growing.  
4. Based on both 27Al and 29Si NMR results, Al upon dissolution appeared to be 
immediately incorporated into solid aluminosilicate oligomers which tend to enlarge 
over time.  
5. Further NMR tests support that these aluminosilicate products form on the surface of 
metakaolin particles, consistent with the proposed mechanism in literature. 
6. Starting from around 15 hours, the amount of aqueous Q2 and Q3 silicates decreased 
due to their attaching to the aluminosilicate products on metakaolin surface. 
7. The initiation of this attaching process coincides with the setting time. As the low-Q 
silicates attach to aluminosilicates on the surface of the metakaolin particles, the gel 
bridges the gaps between metakaolin particles and a network structure starts to form, 
as supported by the rapid increase of strength and stiffness right after set. 
For geopolymer with calcium, the enhanced metakaolin dissolution and gel formation caused more 
rapid setting. 
1. In the presence of calcium, setting time was substantially reduced, from 15 hours for 
the control mix (without calcium) to 1 hour for the investigated calcium mix. 
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2. In the presence of calcium, Al dissolution in terms of both rate and extent was 
substantially enhanced.  
3. In the presence of calcium, C-A-S-H formed, and substantially more geopolymer gel 
formed than in the non-calcium mix. 
4. The accelerated setting was attributed to the enhanced formation of geopolymer gel. 
The Si (mol%) of geopolymer gel at set was somewhat higher in the calcium (1 hour) 
mix than in the non-calcium (15 hours) mix. 
5. The effects on setting of C-A-S-H formation (expected randomly in pore solution) do 
not seem to be as important as the geopolymer formation (on metakaolin surface). 
6. The Si/Al for geopolymer formation was estimated. This ratio is much lower in the 
calcium mix than in the non-calcium mix at early ages, an observation that explains the 
enhanced geopolymer formation in the calcium mix. 
7. The different Si/Al ratios above are mainly due to the fast Al dissolution in the calcium 
mix. Calcium consumes Si in the solution, and a protective layer is less likely to form 
on the metakaolin particles, thus less inhibiting the dissolution.  
Calcium and Na/Al ratio affected reaction extent and compressive strength after set. 
1. The quantification methodology of reaction extent based on relative intensities of 
deconvoluted NMR peaks was again found to be effective, as supported by HCl 
extraction and theoretical estimation from the Na/Al ratio of each mix.  
2. The reaction extent was controlled by Na/Al ratio in the non-calcium mixes. 
3. The reaction extent increased linearly with the amount of calcium. 
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4. In either calcium or non-calcium mixes, the compressive strength increased linearly 
with the reaction extent. 
5. In the non-calcium mixes, the reaction extent was controlled without affecting the Si/Al 
ratio of geopolymer gel by altering Na/Al ratio. Since both amount and composition of 
the geopolymer gel affect the compressive strength, this strategy provided a way to 
separate the effects of the Si/Al and Na/Al ratios, a mix design strategy that has not 
previously been reported.  
6. In the non-calcium mixes, the Si/Al ratios in the geopolymer gel, when varied in a 
narrow range, do not seem to correlate with compressive strength. 
This study provides basis for further investigations and helps promote applications of geopolymers 
in construction. The combined extraction developed to stop geopolymer formation at early ages 
can be used in further kinetics studies for geopolymers and probably also for similar 
aluminosilicates such as zeolites. By monitoring evolution of structural coordination and 
connectivity during dissolution and condensation, the setting of the non-calcium mix has been 
understood at a much more advanced level. The quantification of phases at early age provides 
direct evidence to understand the accelerated setting by calcium. This understanding paves the way 
to use geopolymers in construction where calcium is contained in many common precursors. 
Nanostructural characterization techniques used here could be applied to study other factors that 
may also affect kinetics of geopolymerization for metakaolin as well as other precursor systems, 
including fly ashes, other industrial wastes and synthetic aluminosilicate precursors. Additionally, 
methodology here also helps understand properties of geopolymers after set.  
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Appendix A. Estimation of low-Q species in early age geopolymers 
Figure A-A-1 shows the direct-polarization MAS 29Si NMR spectrum of the crystalline sodium 
silicate (Na2SiO3.9H2O). In this section, a crystalline sodium silicate was used as a reference 
material to roughly estimate the amount of low-Q silicates in early age geopolymer gel. In total 
1024 scans were collected, and recycle delay of 30 seconds was used. The absolute integrated 
intensity of this spectrum was 78.5 (arbitrary unit). 
 
Figure A-A-1. Direct-polarization MAS 29Si NMR spectrum of crystalline sodium silicates.  
Figure A-A-2 presents spectrum of cross-polarization MAS 29Si NMR spectra of crystalline 
sodium silicate. The contact time was optimized to show the maximum intensity. The relaxation 
time was 10.0 seconds, and the number of scans was 1024. The intensity was estimated to be 237.8 
(arbitrary unit) 
Q0 
Q1 
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Figure A-A-2. Cross-polarization MAS 29Si NMR spectrum of crystalline sodium silicates.  
For comparison, intensity of the direct and cross polarization spectra for geopolymer gel at 51 
hours was estimated and summarized in Table A-A-1 below. The intensity of direct and cross-
polarization spectra for both materials was summarized. The mol% of the low-Q sites was 
estimated to be 8.2% (i.e., 0.25/3.03*100%). 
 
 
 
 
Q0 
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Table A-A-1. Comparison of intensity of cross- and direct-polarization spectra for both crystalline 
sodium silicates and the geopolymer gel phase at 51 hours.  
Materials I
DP (arbitrary unit) ICP (arbitrary unit) ICP/ IDP Low Q-sites (mol%) 
Crystalline SS 78.5 237.8 3.03 100% (known) 
51-hour 
geopolymer 
3448.2 857.7 0.25 8.2% (calculated) 
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Appendix B. 27Al MAS NMR spectra at 15 hours and 3 months 
Figure A-B-1 shows the 27Al MAS NMR spectra of the mix 1:1:4:11 (Na2O:Al2O3:SiO2:H2O) 
at 15 hours (red) and at 3 months (green) using a 7.06-T probe. It can be clearly seen that the 
intensity at the 5- and 6-Al region in the spectrum is much higher at 15 hours than at 3 months. 
This difference indicates additional dissolution in this period.   
 
Figure A-B-1. 27Al MAS NMR spectra of the mix 1:1:4:11 (Na2O:Al2O3:SiO2:H2O) at 15 hours 
(red) and at 3 months (green) using a 7.06-T probe. 
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Appendix C. Static 27Al NMR tests of early age geopolymer  
Static 27Al NMR tests were conducted on early age geopolymer specimens. Since solid phase 
shows broad peak under static NMR tests, any Al intensity detected here is regarded to be from 
liquid phase. The specimen with the same mix composition (1:1:4:11) in Chapter 6 was examined 
at different times. As control, a NaAlO2 solution with known amount was tested and the intensity 
of the 27Al spectrum was recorded.  
The spectra of the geopolymer specimen at 1, 11 and 20 hours after mixing are shown in Figure 
A-C-1 below. The intensity is shown to increase over time, probably because more Al is dissolved 
over time. 
 
Figure A-C-1. Static 27Al NMR spectra of geopolymer (1:1:4:11) at different times after mixing. 
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For comparison, the three spectra in Figure A-C-1 are stacked with that of the NaAlO2 solution 
shown in Figure A-C-2. All the spectra were normalized so that the total Al in each specimen is 
the same. The intensity of the geopolymer spectra however is very low, indicating the amount of 
the Al in liquid phase is low. By comparing with the intensity of the reference solution, the moles 
of detected Al in liquid were calculated. With total Al calculated based on the weight and mix 
composition of the geopolymer specimen, the percent of liquid-phase Al in the geopolymer with 
respect to the total Al was estimated. All results are summarized in Table A-C-1.  
 
Figure A-C-2. Static 27Al NMR spectra of geopolymer (1:1:4:11) at different times and the NaAlO2 
solution after mixing. 
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Table A-C-1. Amount of detected Al by Static 27Al NMR at 1, 11 and 20 hours.  
Time (hours) 
Spectrum intensity 
(arbitrary unit) 
Liquid Al 
(mole) 
Total Al 
(mole) 
Percent of liquid Al 
(%) 
2 128626 2.10E-06 6.76E-04 0.31% 
11 150207 2.46E-06 0.36% 
20 163036 2.67E-06 0.39% 
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Appendix D. Solid-state 29Si examination of solvent-extracted specimens 
The specimens (composition expressed as 1:1.4:4.2:15, with Si/Al = 1.5) were synthesized by 
following the same procedure as described in Chapter 3. They were treated by solvent extraction 
at different early ages, and the residues were tested by solid-state 29Si NMR spectroscopy. The 
setting curves (UWR and penetration resistance tests) is shown in Figure A-D-1. Spectra at 
different times shown in Figure A-D-2 were deconvoluted and peaks were assigned as geopolymer 
gel and unreacted metakaolin, which are magenta and navy colors, respectively.  
 
Figure A-D-1. Penetration resistance and UWR curves of geopolymer with composition 
1Na2O·1.4Al2O3·4.2SiO2·15H2O. 
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Figure A-D-2. Deconvolution of NMR spectra of geopolymers treated using solvent extraction at 
different times: (a) 100 minutes, (b) 180 minutes, (c) 300 minutes and (d) 7 days, with magenta 
and navy peaks assigned as geopolymer and unreacted metakaolin peaks, respectively.  
Table A-D-1 summarizes the deconvolution results for the four spectra in Figure A-D-2. The 
relative molar percent of metakaolin and geopolymer was calculated based on the intensity 
associated with each phase. The Si/Al of geopolymer gel was calculated using Equation 2.1. 
(a) 
G
M
(b) 
(c) (d) 
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The Si/Al ratio for unreacted metakaolin was assumed to be 1.03, the same as the raw metakaolin. 
Then the overall Si/Al ratios (i.e., for both the phases) were estimated based on the Si/Al and 
amount of both phases. All values are presented in Table A-D-1.   
Table A-D-1. Amount of metakaolin (MK) and geopolymer (GP) phases, and Si/Al ratios.  
Times 100 minutes 180 minutes 300 minutes 7 days 
MK* (mol%) 62.1% 60.8% 60.7% 31.0% 
GP# (mol%) 37.9% 39.2% 39.3% 69.0% 
Si/Al_GP 2.1 1.89 2.25 1.75 
Si/Al_MK 1.03 1.03 1.03 1.03 
Si/Al_Overall 1.25 1.25 1.31 1.44 
* MK = metakaolin phase; # GP = geopolymer phase 
Values shown in Table A-D-1 suggest the presence of lower-Q species around set. The overall 
Si/Al ratios were 1.25, 1.25, 1.31 at 100, 180 and 300 minutes, respectively, all lower than 1.5, the 
actual bulk ratio. This discrepancy could be due to the presence of lower Si species. The lower-Q 
species overlap with Q4 Si with Al substitution. When estimating Si/Al, all species are considered 
as Q4 Si substituted by Al, and thus the estimated Si/Al is lower than the actual value. At 7 days, 
the ratio 1.44 is closer to 1.5 than other ages, probably because less lower-Q Si species are present.  
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Appendix E. Solid-state 27Al NMR spectrum of NaOH activated metakaolin 
Figure A-E-1 shows the spectrum of the non-calcium-NaOH mix at 3 hours, typical for those 
obtained in these tests. Peaks at around 78.2, 65.1, 30.8 and 4.3 ppm were assigned to aqueous 4-
coordinated Al, and solid 4-, 5- and 6-coordinated Al. Aqueous Al (around 80 ppm) has been 
observed in NaOH activated metakaolin (Duxson et al. 2005a). As reaction proceeded, the aqueous 
Al peak were reduced to zero progressively. 
 
 
Figure A-E-1. Deconvolution of solid-state 27Al NMR spectrum of the non-calcium NaOH mix at 
3 hours after mixing (experimental spectrum and deconvoluted peaks).   
4-Al (aq.) 
4-Al 
5-Al 
6-Al 
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Appendix F. SAM extraction of synthesized C-S-H and C-A-S-H 
SAM extraction was conducted on both synthesized C-S-H and C-A-S-H, which have been 
synthesized by Hunnicutt (2013). The compositions are summarized in Table A-F-1. Each sample 
was treated by SAM solution with amount suggested in literature, i.e., 1.0-g specimen with 4.0-g 
salicylic acid and 60-ml methanol, named as “CSH-N” and “CASH-N”, respectively. Meanwhile, 
both specimens were also treated by SAM solution with five-times the suggested amount, named 
as “CSH-H” and “CASH-H”, respectively. In Table A-F-1, the percent of mass loss for each 
extraction is also summarized. It should be noted a 100% mass loss was seen in the CASH-H 
specimen.  
In the early-age geopolymer specimens investigated in this thesis research, the amount of C-A-S-
H phase was not higher than 20% (Si molar ratio) with respect to the specimen. When the normal 
amount of SAM solution is used for a specimen, its amount is equivalent to or higher than 5 times 
of the normal amount of solution with respect to a pure C-A-S-H specimen.  
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Table A-F-1. Summary of composition and SAM extraction for both C-S-H and C-A-S-H. 
Specimens C(A)SH 
Composition 
Naming SAM Extraction Results 
 
Ca/Si Al/Si Salicylic 
acid (g) 
Methanol 
(ml) 
Before 
(g) 
After 
(g) 
Mass 
Loss 
(wt%) 
CSH 1 0 CSH-N 4 60 0.995 0.624 37 
CSH-H 20.02 300 0.997 0.262 74 
CASH 1 0.2 CASH-N 4.03 60 1.034 0.184 82 
CASH-H 20.04 300 1.058 0.003 100 
 
XRD patterns of both specimens are shown in Figure A-F-1. Both C-S-H and C-A-S-H do not 
show carbonation before the SAM extraction. Five-times of the suggested amount of SAM solution 
is shown to remove the featured peaks associated with C-S-H. Both the SAM residues of C-A-S-
H were too little to conduct XRD tests.  
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Figure A-F-1. XRD patterns of C-S-H and C-A-S-H, and SAM residues of C-S-H (“N” and “H” 
represent normal and higher amount of solution, respectively). 
FTIR results (Figure A-F-2) were consistent with the XRD investigation. In the CSH-H spectrum, 
the peak in the region between 1000-1200 cm-1 is attributed to formation of silica gel. In the 
spectrum of the residue CASH-N, the main peak position of C-A-S-H shifted from 960 cm-1 to 
1060 cm-1. Some other peaks in the CASH-N spectrum are similar to those in the salicylic acid 
spectrum shown in Figure A-F-3.  
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Figure A-F-2. FTIR spectra of CSH and CASH before and after SAM extraction. 
 
Figure A-F-3. FTIR spectrum of the salicylic acid.  
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Appendix G. Uncertainties in estimating of Si/Al ratios for geopolymer formation 
There is some uncertainty regarding the assignment of high-Q peaks to C-A-S-H. As discussed in 
the text, these peaks may alternatively be assigned as the calcium modified geopolymer gel. 
Generally, the Si/Al in conventional chain-like C-A-S-H is higher than 10, while that for calcium 
modified geopolymer gel is in the range of 1.2 to 10 (Garcia-Lodeiro et al. 2011). If these high-Q 
peaks had been considered as the geopolymer gel, the obtained Si/Al ratio for geopolymer gel 
formation would have been even lower than our current estimation in the calcium.  
There is also some uncertainty in estimation of Si/Al for geopolymer gel formation is discussed. 
The dissolution extent percent for the non-calcium mix would be overestimated under the lower 
field NMR, as larger portion of 4-Al with respect to actual total 4-Al is detected in the lower-field 
27Al NMR test and smaller portion for 5- and 6-coordinated Al. This overestimation of dissolution 
extent is true for both the calcium and non-calcium mixes, however more severe in the non-calcium 
mix for the following reason. In the non-calcium mix, relatively more 5- and 6-coordinated and 
less 4-coordinated Al are present compared to the calcium mix due to lack of enhanced dissolution 
by calcium, and therefore lower portion of total Al can be detected. With a smaller amount of total 
Al as denominator, percent of 4-coordinated Al is more overestimated in the non-calcium mix than 
the calcium mix, and therefore the Si/Al ratio for geopolymer gel formation would be less 
overestimated in the non-calcium mix. 
The first uncertainty might result in an overestimated Si/Al for geopolymerization in the calcium 
mix, and the second uncertainty results in less overestimated Si/Al ratio in the non-calcium mix 
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than the calcium mix. Despite both uncertainties, the conclusion does not change: this ratio is lower 
in the calcium mix.  
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Appendix H. Estimation of Si/Al ratios for geopolymerization 
Calculations to estimate Si/Al ratio for geopolymerization are presented here by taking both the 
calcium and non-calcium mixes at 6 hour for examples. In these calculations, the total amount of 
Al is 1 mole, and total amount of Si is 2 moles with half (i.e., 1 mole) from activating solution and 
half (i.e., 1 mole) from metakaolin in each specimen. 
In the calcium-specimen at 6 hour, the totally dissolved Al was estimated at first. The relative 
intensities of 4-, 5- and 6-Al were 54.0%, 30.2% and 15.8% respectively in the in-situ calcium mix 
at 6 hour and were 35.6%, 43.3% and 21.1% respectively in the raw metakaolin specimen. These 
values are considered quantitative and were based on spectra collected in NMR tests at the higher 
field (17.6 T). The sum of 5- and 6-Al intensities were therefore 46.4% in this 6-hour specimen 
and 64.4% in the raw metakaolin. The dissolution extent, defined as percent of 5- and 6-Al 
converted to 4-Al, was calculated as  
64.4%−46.0%
64.4%
= 28.6%                                                    (A8-1) 
In the specimen with 1 mole of total Al, the total dissolved Al is 0.29 mole (i.e., 1 mole multiplied 
by 28.6%). 
Then Al in the C-A-S-H phase was estimated in this specimen. Using the same calculation method 
right above, the sum of relative intensity percent of 5- and 6-Al was 18.4% higher in the combined 
extraction residue than that in the raw metakaolin and was 14.1% higher in the SAM extraction 
residue than in the raw metakaolin. The difference between the two values, 4.3%, was 
corresponding to the amount of Al in the C-A-S-H phase with respect to the total Al. Therefore, 
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the amount of Al in the C-A-S-H phase in this calcium mix at 6 hours was 0.04 mole (i.e., 1 mole 
multiplied by 4.3%). The amount of Al for geopolymer formation (in geopolymer gel and in 
aqueous phase) is calculated to be 0.25 mole (i.e., 0.29 mole minus 0.04 mole). 
The amount of Si in the C-A-S-H was then estimated. Based on the 29Si MAS NMR tests (results 
of which are shown in Figure 7.5), the amounts of Si in C-A-S-H, geopolymer gel and unreacted 
metakaolin the combined extraction residue are 18.4%, 16.7% and 64.9%. When assuming zero 
dissolution of Si from the metakaolin at this age, the amount of Si in the unreacted metakaolin 
remains 1 mole. Then the amount of Si in the C-A-S-H can be calculated as 
1𝑚𝑜𝑙𝑒 ∗
18.4%
64.9%
= 0.28 𝑚𝑜𝑙𝑒                                       (A8-2) 
The amount of Si in the geopolymer gel and in aqueous phase (i.e., that available for reaction) is 
calculated to be 0.72 mole (i.e., 1 mole minus 0.28 mole). 
The Si/Al ratio for geopolymerization for the calcium mix at 6 hours is calculated as  
0.72 𝑚𝑜𝑙𝑒
0.25 𝑚𝑜𝑙𝑒
= 𝟐. 𝟗                                                    (A8-3) 
For the non-calcium mix, the dissolved Al was also estimated based on the lower field results 
(probed at 7.04 T, shown in Figure 7.3) as discussed in the text in Chapter 7. Based on these lower-
field results, the dissolution extents (as defined above) at 6 hours for both calcium and non-calcium 
mixes were 86.0% and 36.9%, respectively. Their ratio is 2.33 (i.e., 86.0% divided by 36.9%). 
Considering the dissolved Al in the calcium mix at 6 hours based on the quantitative NMR results 
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(i.e., probed at 17.6 T) was 0.29 mole. The amount of dissolved Al in the non-calcium mix was 
estimated as 
0.29 𝑚𝑜𝑙𝑒
2.33
= 0.13 𝑚𝑜𝑙𝑒                                               (A8-4) 
The amount of Al estimated here would be overestimated because the results were from the lower 
field probe. This overestimation and its influence on the comparison of estimated Si/Al ratio for 
geopolymerization between the calcium and the non-calcium are discussed in Appendix G and are 
shown to not affect the final conclusions.  
The total Si for geopolymerization is 1 mole by assuming zero Si from dissolution of metakaolin. 
The Si/Al ratio for geopolymerization for the non-calcium mix at 6 hours is calculated as  
1 𝑚𝑜𝑙𝑒
0.13 𝑚𝑜𝑙𝑒
= 𝟕. 𝟗                                                    (A8-5) 
In the above calculations in this appendix, Si dissolution was assumed to be zero. When assuming 
congruent dissolution, considering the dissolved Al was 0.29 mole in the calcium at 6 hours, the 
dissolved Si was also 0.29 mole. The amount of Si in the unreacted metakaolin was 0.71 mole (i.e., 
1 mole minus 0.29 mole).  
Then the amount of Si in the C-A-S-H can be calculated as  
0.71𝑚𝑜𝑙𝑒 ∗
18.4%
64.9%
= 0.20 𝑚𝑜𝑙𝑒                               (A8-6) 
The amount of Si in geopolymer gel and in aqueous phase is calculated as  
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1𝑚𝑜𝑙𝑒 + 0.29𝑚𝑜𝑙𝑒 − 0.20 𝑚𝑜𝑙𝑒 = 1.09 𝑚𝑜𝑙𝑒                   (A8-7) 
The Si/Al ratio for geopolymerization for the calcium mix at 6 hours by assuming congruent 
dissolution is calculated as below. 
1.09 𝑚𝑜𝑙𝑒
0.25 𝑚𝑜𝑙𝑒
= 𝟒. 𝟒                                                    (A8-8) 
In the non-calcium mix, the amount of dissolved Al was 0.13 mole, and thus the amount of 
dissolved Si was also 0.13 mole. The total Si for geopolymerization was therefore 1.13 mole. The 
Si/Al ratio for geopolymerization for the non-calcium mix at 6 hours by assuming congruent 
dissolution is calculated as below. 
1.13 𝑚𝑜𝑙𝑒
0.13 𝑚𝑜𝑙𝑒
= 𝟖. 𝟕                                                  (A8-9) 
Calculations were conducted at the other times by also assuming congruent dissolution. The Si/Al 
available for geopolymers were obtained for both the mixes are shown in Table A-H-1. For 
comparison, the Si/Al ratios in Table 7.2 (those by assuming zero dissolution of Si) are also shown 
in Table A-H-1 here. It is clear that the Si/Al for geopolymerization is lower in the calcium mix 
than in the non-calcium mix, regardless of the assumption of congruent or incongruent dissolution. 
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Table A-H-1. Si/Al for geopolymerization in both mixes at different time by assuming either zero 
Si dissolution or congruent dissolution. 
Ages 
(hour) 
Assumptions Zero Si dissolution Equal Si and Al dissolution 
Mixes Ca Non-Ca Ca Non-Calcium 
 Lower 
field 
Higher 
field 
Lower 
field 
Higher 
field 
1 Si/Al ratio for 
geopolymerization 
6.2 37.1 20.5 7.3 34.3 21.0 
6 2.9 7.9 12.5 4.4 8.7 13.5 
15 2.3 5.4 11.1 4.3 6.6 12.1 
 
In the above analysis, the amount of Al in the non-calcium mix was based on lower field (7.04 T) 
results. For comparison, the amount of Al in the non-calcium mix was again estimated, but directly 
based on the higher field probe (17.6 T). The corresponding results were calculated as below by 
taking 6 hour specimen as an example and were summarized in Table A-H-1. At 6 hours, the 4-, 
5- and 6-coordinated Al were estimated to be 40.9%, 36.3% and 22.8%, respectively. The sum of 
5- and 6-Al was therefore 59.1%. The dissolution extent was calculated as  
64.4%−59.1%
64.4%
= 8.3%                                                    (A8-10) 
In the specimen with 1 mole of total Al, the total dissolved Al is 0.08 mole (i.e., 1 mole multiplied 
by 8.3%). 
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The total Si for geopolymerization is 1 mole by assuming zero Si from dissolution of metakaolin. 
The Si/Al ratio for geopolymerization for the non-calcium mix at 6 hours is calculated as  
1 𝑚𝑜𝑙𝑒
0.08 𝑚𝑜𝑙𝑒
= 𝟏𝟐. 𝟓                                                    (A8-11) 
The total Si for geopolymerization is 1.08 mole (i.e., 1 + 0.08 mole) by assuming congruent 
dissolution of metakaolin. The Si/Al ratio for geopolymerization for the non-calcium mix at 6 
hours is calculated as  
1.08 𝑚𝑜𝑙𝑒
0.08 𝑚𝑜𝑙𝑒
= 𝟏𝟑. 𝟓                                                    (A8-12) 
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Appendix I. Summary of 29Si liquid-state NMR results for the calcium mix 
Figure A-I-1 shows the normalized amounts of Q(0-4) sites from liquid-state 29Si NMR as 
geopolymerization proceeded for the calcium mix (0.4CaO:1Na2O:1Al2O3:4SiO2:12.1H2O). The 
slow step-by-step condensation process as observed in the non-calcium mix was not seen here. In 
the first 5 hours shown in this figure, rapid drop of Q1, Q2 and Q3 were observed, as accompanied 
by rapid Al dissolution. This observation supports rapid formation of C-A-S-H and geopolymer 
gel, as confirmed by Figure 7.5 in Chapter 7. This early stage involves rapid product formation 
(without slow step-by-step condensation seen in the non-calcium mix) and is associated with 
setting. Afterwards, Q1 and Q2 continued to decrease and Q3 started to increase, an observation 
that indicates formation of more C-A-S-H but little geopolymer gel, as again confirmed by changes 
in amount of products from 6 to 15 hours in the Figure 7.5.  
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Figure A-I-1. Normalized amounts of Q(0-4) sites from liquid-state 29Si NMR as geopolymerization 
proceeded for the calcium mix (0.4CaO:1Na2O:1Al2O3:4SiO2:12.1H2O). 
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Appendix J. FTIR spectrum of precipitate in aluminosilicate solution  
The spectrum of the precipitate collected from the mixture of sodium silicate, aluminum nitrate 
and sodium hydroxide solutions (with Si/Al 2.0) is shown in Figure A-J-1. Peaks at 864, 1406 and 
1434 cm-1 are attributed to carbonates. The peak at around 980 cm-1 is associated with Si-O-T 
bonding, a little lower than reported value for N-A-S-H gel probably due to the presence of some 
liquid in the current specimen. 
 
Figure A-J-1. FTIR spectrum of precipitate from the mix of precipitate by mixing sodium silicate, 
aluminum nitrate and sodium hydroxide solutions with Si/Al of 2.0. 
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Appendix K. Estimation of unreacted metakaolin based on Na/Al ratio 
A more detailed mix design is shown in Table A-K-1, which presents amount of each raw material 
in a batch for the same mixes in Table 8.1. As mentioned in Chapter 3, the weight percentages of 
SiO2, Na2O and H2O in the commercial solution were 29.02%, 9.00% and 61.98%, respectively. 
Table A-K-1. Amount of raw materials in a batch for the mixes in Table 8.1 in Chapter 8. 
Mix number Weight (g) in a batch 
Metakaolin NaOH Sodium silicate 
solution 
H2O Calcium 
hydroxide 
1 310 53 41 239 0 
2 307 51 95 227 0 
3 316 52 154 175 0 
4 377 48 200 201 0 
5 448 70 377 286 0 
6 448 70 377 286 22 
7 448 70 377 286 45 
8 448 70 377 286 67 
 
A lower bound for unreacted metakaolin can be estimated mainly based on the Na/Al ratio. In Mix 
Number 1, for example, the weight percent of metakaolin with respect to the total weight of the 
mix is calculated as below: 
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𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑒𝑡𝑎𝑘𝑎𝑜𝑙𝑖𝑛
𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑖𝑥
=
310
310 + 53 + 41 + 239
= 48.2 𝑤𝑡% 
At the maximum reaction extent, all Na ions have participated in the geopolymer reaction, the 
percent of reacted Al with respect to total Al is equal to the Na/Al ratio, which in this mix was 
0.54. By assuming congruent dissolution of metakaolin, the amount of reacted metakaolin would 
be 54%. Therefore, the percent of unreacted metakaolin with respect to the total weight is 
calculated below: 
48.2 𝑤𝑡% ∗ (1 − 54%) = 𝟐𝟐. 𝟏 𝒘𝒕% 
 
 
 
